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Life Support

ABSTRACT

The feasibility of applying the Radio Frequency Resonance Counting .
-Technique to generalized tank configurations was investigated. When a
given tank was excited over a band of .radio frequencies, a number of fre-
quencies were found to exist where the.tank acted. as.a cavity resonator,
As the tank was loaded with a fuel simulant, the number of resonant fre~
quencies contained in the band increased, dependent on the quantity and
dielectric constant of the simulant. .The.change in. the number of resonant
frequencies was related to the quantity and mass of fuel simulant in the
tank,

A theoretical analysis was performed on rectangular, cylindrical, spherical,
and generalized propellant tank configurations to predict the dependence of
the number of resonant frequencies on.the.fuel quantity, dielectric constant,
‘mass and tank characteristics. These predictions were then evaluated in a
‘series of experiments.. Scale models of the fuel.tanks were constructed and
loaded under conditions simulating zero.gravity.and. applied accelerations for
typical fuels. The experiments verified._the.theoretical predictions and
established the basic feasibility. of the.Radio.Frequency Mass Gaging Techni-
que. It is recommended that a breadboard prototype RF Mass Gaging System be
fabricated.



SECTION 1
INTRODUCTION

The Bendix Corporation, Instruments & Life Support Division, respectfully
submits Volume 1l of a two volume report to George C. Marshall Space Flight
Center (MSFC). Volume 1l documents the progress made during the period
June 3, 1967 through January 30, 1968 on NASA Contract NAS 8-18039 for
""Studies to Determine the Feasibility of Various Techniques for Measuring
Propellant Mass Aboard Orbiting Space Vehicles'.

The initial study program performed under Phase A was directed toward the study

of the feasibility of using a Radio Frequency (RF) resonance counting technique for
gaging propellant mass in S-1B/S-1VB tank configurations under zero gravity
conditions. The contract was later expanded to include a feasibility study of
propellant mass gaging in the THERMO tank configuration. The basis of the work
performed under both feasibility studies was the use of the propellant tank as a
microwave cavity and counting the number of resonant frequencies that

exist in the cavity between two fixed frequencies.

Generally, theoretical and experimental results were obtained simultaneously.
Often, as theoretical results were being calculated, experiments were conducted
on a trial and error basis until such time as the results were completed. Upon
completion, the SST tank was matched by the information generated solely in

the theoretical analysis. '

In order to provide background information, a summary of the work accomplished
during Phase A concerning the use of the propellant tank as a microwave cavity
will be discussed. '

A closed metallic tank of any shape and size has the property of resonance

when excited with electromagnetic energy. The property of resonance is

defined in the following manner: Suppose two comparatively small holes are
drilled into the tank and RF power is then fed through one hole and an attempt
to detect the radio frequency energy is made at the other hole. With DC and

low RF frequencies, the tank will act either as a complete short circuit or

a complete open circuit, the difference depending upon the type of coupling
used. However, as we increase the frequency a frequency is reached where

power is detected at the second hole or port. At this frequency, the tank
allows power to enter and electromagnetic standing waves are set up in the tank.
The existence of standing waves allows the output port to couple some of this
power out of the tank. The tank is said to behave as a resonator at the frequency
at which electromagnetic standing waves set up in the tank. The frequency at
which a tank becomes a resonator is called a resonant frequency. The configuration
of electromagnetic standing waves set up in the tank is called a mode pattern,
and the tank is said to be operated in a particular mode. |f the operating
frequency is incrementally increased from this resonant frequency, the tank
again reverts to being an open or closed circuit. Increasing the frequency
again will produce a second resonant frequency. Again, the tank accepts power
from the generator and again the power may be coupled out of the tank. The
standing wave pattern at this resonant frequency as well as the

1-1



amount of the power coupled into and out of the tank will be different than

the previous condition. Continually increasing the frequency reveals that

more resonant frequencies exist, each having different transmission properties.
The resonant frequencies in the tank primarily depend on the physical size

of the tank and to a lesser extent on the dielectric constant of the material

in the tank. The problem of the propellant tank partially filled with propellant
under zero gravity conditions becomes, in microwave terms, a study of a.
inhomogenously filled cavity.

In performing the study of an inhomogenously filled cavity in Phase A, a
mathematical RF system model of a given tank and propellant was formulated
and experimental data was obtained using scale model tanks to evaluate the
model's predictions. The most salient information developed during Phase A
was the verification that the RF gaging technique employed was independent
of mass position within the propellant tank. In summary, when a given tank
was excited over a band of frequencies, a number of frequencies was found
to exist. As the tank was loaded with a dielectric material, the number

of resonant frequencies in the tank increased, dependent on the quantity
and dielectric constant of the material. The change in the number of -
resonant frequencies was related to the quantity and mass of fuel material
in the tank. The developement made during Phase A relates the number of
resonant frequencies in the cavity to its volume & the propellant fractional filling.
The loading response of the tank is given by:

8nv _
N=—5 (5 - ) [1+ (e, - Da %
r
3c
where
N = number of :resonances
V = volume of the tank

fz = upper frequency limit
fq = lower frequency limit
¢. = dielectric constant of the propellant material
o = fractional filling (0 to 1.0)
= mode reduction factor
The experimental data generated during Phase A showed that the general
theory was adaptable to the S-1B/S~1VB tank. Experiments showed that
when a scale model S-1B/S-1VB tank was gaged by RF techniques, the number
of resonances was ‘independent of dielectric position for.any fractional filling.

The extension of the theory to the THERMO tank was not successful and
ultimately led to Phase B of the basic study contract.

1-2
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SECTION 11
PROGRAM OBJECTIVES

Introduction

The objective of the Phase B study program was to perform a feasibility
study of Radlo Frequency techniques for gaging mass In a generalized tank
configuration and the THERMO tank configuration. The generalized tanks
to be studied were:

A) Cylindrical tank with flat ends.

B) Spherical tank.

C) Cylindrical tank with one hemisphere.

D) Cylindrical tank with two hemispheres.

E) THERMO tank complete with internal perturbations.
The combinations of these tanks along with internal perturbations comprised
a THERMO tank configuration. 1In all cases the tanks were experimental scale
models.
The work performed in Phase B utilized both analytical and experimental
techniques to evaluate the effects of generalized tank components on the

performance of the mass gage.

Within the scope of the general program outline and this contract, the
program was divided into four basic study areas:

1) The study of spacecraft tank characteristics
2) The study of propellant characteristics

3) The study of hardware characteristics

L) The study of system characteristics

Study of Tank Characteristics

The study of tank characteristics concentrated upon the effect of the
tank's geometric properties when the tank is used as a resonant cavity.

The geometric properties were:
1) The volume of the tank
2) The geometrfc shape of the tank

3) Internal perturbations contained within the tank

2-1




2.3

2.4

2.5

Theoretical studies were made of the tank shapes in order to determine
their behavior as resonant cavities and to determine if the mathematical
formulas previously formulated are dependent on these shapes.

Study of Propellant Characteristics

The study ofipropellant characteristics concerned itself with the radio
frequency behavior of rocket propellants and their effect on the -

‘modes in a cavity or propellant tank.

Study of Hardware Characteristics

The study of hardware characteristics concerned itself with those discrete
elements or circuits necessary to implement the RF gaging system. Contained
in this study is the evaluation and design of any specialized circuitry re-
quired to determine when modes exist in the tank.

Study of System Characteristics

‘The study of system characteristics concerns itself with the external

properties that the system imposes upon the tank the effect of these
properties on the tank resonances. The results of this study were

used to determine what the system must contain in order to provide a
mass gage under zero gravity conditiens. The study of system character-~
istics integrates the study of tank characteristics, propellant charac-
teristics and hardware characteristics in order that the final result

is a system design capable of gaging propellant mass under zero gravity
conditions.

The basic design goals of the mass gaging system as specified by NASA-MSFC
relative to the feasibility determination were:

1) Mass Accuracy - < % 2% of full scale
2) Response Time - < - 0.5 seconds

3) Acceleration 0 to 5 g's; propellant location as shown in Figure 2-1,

2-2
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3.2

SECTION 111
THEORETICAL STUDIES

Introduction

The purpose of the theoretical study was to relate the information
developed in Phase A to generalized spacecraft tanks. The informa-
tion developed in Phase A relating the resonant count in a cavity
of arbitrary shape to the volume of the cavity, the.dielectric con-
stant of the fluid that is to be used in the cavity and the system
losses, was expanded In Phase B by considering simple geometric tank
shapes.

The':heoretical study made on the simple geometries was expanded to
fit tanks of arbitrary volumes of revolution, thereby leading to
mathematical models of complex tank shapes.

The objective of the theoretical study was to establish a basis for
predicting the actual response and performance of the Zero G gaging
technique when applied to realistic tank configurations and geometries.
A second basis for the theoretical study was to provide a mathematical
model that would specify design parameters for the gaging system,

as well as gaging system limitations.

Analysié-Rectangular Cavity

in order to verify the general theory that the RF gaging concept was
independent of dielectric position in a resonant cavity, a theoretical
analysis was performed on a rectangular cavity partlally filled with
a dielectric material.

Consider the rectangular cavity configuration shown in Figure 3-1
filled to a height 'd' with dielectric 'e;’'.

Y
RECTANGULAR CAVITY PARTIALLY FILLED WITH DIELECTRIC
FIGURE 3-1
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The resonances that exist In the cavity can be characterized into
standing waves in both the dielectric and air, and standing waves in
the dielectric only.

The baslic equations for transverse magnetic (TM) modes existing in
both the dlelectric and air with the direction of propagation taken
along the 'X' axis are:

™® Modes
nmy prz
Yy = €, cos g*‘ x sin - sin (3-1)
c
: nry prz
v, = C2 cos kxz (a = x) sin - sin (3-2)
c .

where: wi is the wave function In dielectric

w2 is the wave function In alr

The basic equations for transverse electric (TE) modes to the direc-
tion of propagation are:

TEX Modes
nmy  pmz ;
¥y = Cysin k., x cos - cos (3-3)
nmy prz N
Yy = Cy sin k., (a = x) cos - cos - (3-4)

The equations for resonance can now be determined as,
2 2 2

SR
: i c [~

. 2 2 2

2 nm pm w
k — - |- (3-6
ST HIN >

At the dielectric-alir iInterface we must have continuity of the’
tangential E 6 H fields. This boundary condition leads to the
development of transcendental equations that must be solved In



order to determine the modes of the cavity.

equations are:

-k
X

tan k . d = ¢ k
[ x1 r

=k cot k d =k
x1 X

1 x2

x2

cot kx2 (a - d)

tan kx2 (a - d)

The transcendental

(3-7)

(3-8)

The solution of Equations 3-1, 3-2, and 3-7 generate the 'TM' modes;
while the solution of Equations 3-1, 3-2, and 3-8 generate the 'TE®

‘modes.

A similar development can be made for modes existing in the dielec~
tric only. A complete analysis of the modes in a rectangular cavity
partially filled with dielectric is given in Appendix A, Section 1.
Since the equations involved were transcendental, a computer solution
See Appendix B, Section I,

to the problem was made,

The independence of mass position within the cavity was verified
by theoretically orientating the dielectric along each mutually perpen-
dicular axis and performing partial loading with respect to each axis.

The computer program was run on two rectangular tanks.
were made neglecting loss tangent effects,

The calculations
(i.e., B, the mode

reduction value, equals 1,) Tank one had dimensions of 7.88" X 18" X 35.2"

and was filled with a dielectric having e, = 2.25,

in Figure 3-2 and Table 3-1.

LOADING DEPENDENCY RECTANGULAR CAVITY

TABLE

3-1

The results are shown

Resonant Count

Fractional
Filling L to 7.88 in | Lto 18 in J.to 35.2 in Volume Dependency
Empty 1419 1419 1419 1423
0.01 1421 1426 1431 1431
0.10 1707 1733 1745 1700
0.20 2042 2039 2080 1995
0.30 2392 2388 2417 2300
0.40 2738 2745 2745 2605
0.50 3076 3078 3091 2890
0.60 3400 3412 3428 3290
0.70 3750 3759 3767 3680
0.80 4087 Lo9g3 4095 Lo20
0.90 LikLe L4 4438 Li20
1.00 L764 4764 k764 4781
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The second rectangular cavity had two equal sides (square) in order to
provide a first order approximation to the basic S=1VB, THERMO tank con=
figuration, The demension of the cavity was 15.36'" X 15.36" X 9,6'".

The volume of the tank is equivalent to the 1/3 scale THERMO tank. The
results of the computer program are shown in Figure 3-3 and Table 3-2.

TABLE 3-2

LOADING DEPENDENCE RECTANGULAR CAVITY -

Resonant Count-:-- - -

g????éznau ] to9.6in | _| to15.36 in | _L to 15.36 in Volume Dependency
0.0 292 292 | 292 296
0.1 362 360 360 356
0.2 428 430 430 420
0.3 509 511 511 482
0.4 579 577 577 551
0.5 654 658 658 621
0.6 724 722 722 696
0.7 798 8oL 804 775
0.8 863 871, : 871 857
0-9 ! 9Lk 951 951 935

The data shows that the resonant count versus fractional filling is linear
and that the resonant count in a partially filled cavity is indeed indepen-
dent of dielectric position. The 1.00 fractional fill point is not identi-
cal in all orientations due to variance in the stepping function in the
computer program. An interesting comparison can be made to the volume
dependency formula developed in Phase A.

81 3_¢3 ’ _ 3/2
N=-3-E-§-V(F2-f]) []+(,€r 1) o]

it can be seen that a good correspondence exists between the volume depend-
ency formula and the results obtained by a direct calculation of the number
of resonances within the cavity, for the empty and full loading cases. How-
ever, there is a distinct nonlinearity in the volume dependence formula. This
nonlinearity has its maximum deviation at the 50% fractional filling point.

3.3 Analysis-Cylindrical Cavity

The analysis of a right circular cylindrical cavity was made in Phase A
using variational techniques. A computer program was written to calculate

3-5
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the modes in a partially filled cavity. The equations for
resonance are given as:

. [ xiz pze2)| /2 d 1 2pmd] 7172
TE =|C + 1 + (er 1) {— -— sin
“mnp a2 L2 L 2pr L
X 2 pm 2 d 1 1 x 2 pr
SO o R ) R R
wmnp a L L eJ 2pw|\ a L
] 2prd 1/2
(l - ——’sin P
£ L
r
/
m=0,1,2}
n=1,2,3,..
P=],2,3,-
cx d 1 /2
™ = [l-—— b "—H
wmnp a L €.
m=0,1,2,3,..
n=1,2,3,.
p=20

For a complete development of the modes in a cylindrical cavity

by use of the variational technique, see Appendix A, Volume 1,

The loading dependence for a cylindrical cavity filled with a material
having a dielectric constant of 2.25 is shown in Figure 3-4. Although

the curve is nonlinear in nature, the empty and full values are in close
agreement with the volume dependence formula. Since the variational
technique is the basis for the development of the volume dependency formula,
a close agreement with the end points and curve form would be expected.

Because of the nonlinear nature of both loading curves for the cylindri-
cal cavity, two basic questions had to be answered: 1) is the nonlinear
loading response due to the geometry of the tank or 2) is the nonlinear

loading response due to the volume dependence and the variational tech-

nique? |In order to resolve this problem an exact solution to a partial

loading cylindrical tank was attempted.
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As in the rectangular cavity, two distinct set of resonances exist in the
cavity; resonances having standing waves in both the liquid and the air
and resonances having standing waves in liquid that are supported by
exponential type waves in the air dielectric. See Figure 3-5. The

equations for resonances having standing waves in both the dielectric
and air are:

For ™ modes:

X 2 wy 2
k% + __EE_) = -—)
a c
X 2 wy 2
$of
a "¢

k2 sin kzc cos k‘b + srkl cos kzc sin k‘b = 0

For TE Modes:

2 X' 2 w
2 +(_"£) - . (_)
a r

k2 cos kzc sin klb + k1 sin k2 C CcOos klb =0

For resonances having standing waves in the dielectric we have:

For TM modes:

X 2 wy 2
-2 +(__n_a - H
a C
X 2 w 2
o
r [

k2 sin kzc cosh k]b - Erkl cos kzc sinh klb =0
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3.4

For TE modes:

1 2 w2
-2 _@_) - (._._)
a c
2 w. 2
2 np
RCEEE
a c

sin k,c cosh k,b =0

k2 cos kzc sinh k]b + k] 2 1

A complete solution and development of the partially filled cylindri-
cal cavity will be found in Appendix A, Section 1]1. The exact solu-
tion to a partially filled cylindrical cavity was obtained through

the use of a computer program. Figure 3-6 shows the loading dependence
of an 0.15448 meters radius, 0.49434 meters height cylindrical

tank when filled with a material having a dielectric constant of 2.28.
The immediate conclusions that can be drawn from the data is that the
volume dependency formula and the variational technique developed in
Phase A does not provide an adequate mathematical model for a right
circular cylinder. Secondary-.conclusions are: 1) the loading depen-
dence is linear, and 2) there is good correspondence between the
volume dependence formula and the exact solution's end points.

Analysis Spherical Cavity

The basic development of the modes that exist in a spherical

cavity can be found in Volume 1, Appendix B. This development is
suitable only for determining the number of resonances in an empty .
or full spherical cavity. The comparison of the empty and full resonant
count with the volume dependency formula is in good agreement as in

the case of the rectangular and cylindrical cavities. Extracting

from Volume 1, Appendix B we can compare the resonant count obtained
using both techniques for a spherical cavity 7 feet in diameter.

Volume Dependence Formula

Nempty = 1,382 resonances

Nfu]l = 1,881 resonances

Spherical Cavity Solutions

Nempty = 1,326 resonances

Nfull = 1,817 resonances
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The resonant count difference between empty and full is withln + 2% between
the two techniques. |t is beneficial to develop the necessary Ehuatlons

to determine the loading dependence of a spherical cavity partially

filled with a dielectric material., See Figure 3-

V4

CONDUCTOR

— — o — —a—ow— g — p— " p——

FIGURE 3-7
SPHERICAL CAVITY PARTIALLY FILLED WITH DIELECTRIC
A complete developmeﬁt of the characteristic equations needed to
determine the modes is found in Appendix A, Section II1.

The necessary equations for resonances are:

For TEr modes :

ny Jn(k]a) ) N, (kzb) J (kza) Jn(kzb) N, (kza)

J_(kyb) N (k,a)

~1 e A A
1
ny Jn(kla) Nn (kzb) J) (kza)

For TM" modes:

J;(kzb) Né(kza)

31 (k) N_(ky2)

" J;(k‘a) _ N (kzb) 3! (kza)

ny qn(k‘a) N (kzb) J, (kza)
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3.5

where
ky = w/fepm n =ViE
ky = w¥eauy ‘“z’V“z/ez

In the above equations, Jn and N, are spherical Bessel functions.
The solution of the partially loaded spherical cavity must be
performed with the aid of a computer. Due to the complexity of

the computer program and the indirect application of this type tank
configuration to the THERMO tank geometry no further development
was performed in this area.

Analysis Arbritary Cavities of Revolution

A particular problem in the study of modes in general cavities
has been the extension of the wave equations for rectangular,
cylindrical or spherical tanks to cavities of revolution.

Previously this problem has been solved by representing a cigar-shaped
cavity (see Figure 3-8) by a cylinder of equal volume. The number of
resonances are found for the cylinder and then postulated to be equal in
number to those of the cigar-shaped cavity., An alternate solution is to
separate the cavity into two hemispheres and a cylinder and to obtain the
total number of resonances by adding the modes for each separate section.
This technique has been shown to be approximately correct for several
different cylinder-hemisphere combinations. However, the location of
probes, effects of reentrant sections, prediction of fuel loading
characteristics, etc., are hampered by the lack of knowledge of the
field distribution within the cavity.

A set of wave functions, which are appropriate for general volumes of
revolution such as cigar-shaped cavities are those of modes of revolution.
These modes constitute a portion of a more general class of modes having
an azimuthal dependence. The modes of revolution do not have a ¢ or
azimuthal dependence and are generally the dominant or lowest frequency
modes of this cavity.

The modes of revolution are divided into two types. Modes of the first
type are called meridian magnetic modes, and are characterized by the
magnetic field lying entirely in the meridian plane. The associated
electric field is perpendicular to the meridian plane. Here, the elec-
tric field is given by g (r,z) u,_ and the magnetic field by Vx (gm ).

o u
Our function gm(r,z) satTsfies tha differential equation. —¢

3%g 1 ag 32g 1 ‘
=+ T4 —2 (K - =) g =0 (3-9)
ar2 r ar 9z2 | r2
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with the boundary conditions: 9y = 0 on the axis on the walls.

The K. are the eigenvalues for each eigenfunction 9 The
resonant frequency of each mode is given by:

where u and € are the pertinent parameters of the cavity material.

For modes of the second type or meridian electric modes, the electrical
field lies entirely in the meridian plane with the associated magnetic
field perpendicular to the meridian plane. The magnetic field is given
by h (r,z) u, and the electri¢ field by vx (n Yy ). This function

h also sat|§$|es Equation 3-9 with the boundary conditlons now being

B(hmr) o
ar
on the walls, hm = 0 on the axis. Again, there exists a set of
resonant frequencies given by:
K
m
2n/en

A solution for the two correct ''MM' and 'ME' modes for a cigar-shaped
cavity of variable aspect ratic (L/D) is shown in Figures 3-9 and

3-10. It can be seen from these figures that with a knowledge of the
field distribution, probe placement for coupling to the electric or
magnetic field is straightforward. Without this knowledge, the place-
ment becomes largely a hit or miss procedure with little or no possibility
for optimum field coupling.

The effect of dielectric material in the cavity can also be studied and

a connection obtained between the amount and placement of this material
and the resonant count for the cavity. This information can then he used
to predict the locading response for partially filled cavities and to check
the predictions made by assuming the loading dependence to follow a
general function independent of tank geometry. A check may also be

made on the effects of geometry changes on the overall excitation

response of a cavity to provide a more complete catalog on shapes

suitable for RF Gaging System application.

It should be noted that the cigar-shaped cavity is only one of many figures
of revolution for which the field distribution and resonant frequencies

can be found. Tanks having inward convex surfaces, doubly-connected
surfaces, toroidal shapes, etc., lend themselves to an analysis of the

type applied to the cigar-shaped cavity.
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In general, the procedure for a general cavity is to set up the differ-:
ential equation for the modes, replace these differential equations by
difference equations, and then use variational principles for the cal-
culation of the eigenvalues (resonant frequencies). There will be a

triple infinity of eigenvalues corresponding to the number of field.
variations along the radius, axis, and circumference for a particular

mode. Thus, as with the rectangle, cylinder or sphere, the last two

of which are included in the volume of revolution class, a volume dependency
for the total number of excitable resonances in a given ‘tank should be found.

A further use for setting up the modes of revolution is the similarity
in the boundary conditions g = 0 or Bgm/an = 0 on the walls of the
container, with those for acoustic modes in the same cavities. It

has been shown by Roe(2) that for rectangular, cylindrical, spherical,
prism, half cylinder, and hemispherical shaped cavities that

LyvF3 TAf2
N (f) = + + for ¢y = 0 on walls
3c3 42
Ly f3 TAF2 ay
= - for =— = 0 on walls (3-10)
Le3 Le2 an
where
bn2f2
vy + v =0 (3-11)
C2
or
8nvf3
N (f) = for both classes (3-12)
3¢3

If our modes can be shown to belong to this class also, then a strong
case may be made that N is dependent only on the volume and frequency
of excitation as given in Equation 3-12 for an empty cavity.

This is very important, as we now can be assured that if all modes
are separable, or detectable in a cavity then the effect of cavity
perturbations can be analyzed on the basis of volume alone, if the
perturbation is metallic.

By adding the generalized loading dependence which depends on the bulk
dielectric constants and mass of material in the cavity, a general
relationship for the excitable resonances in a cavity independent of cavity
geometry or mass content position is obtained. With this formula '
for N, the specification of the RF system parameters for a parti-

cular application becomes an engineering task.
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3.6 Field Patterns and Antenna Location

Since the geometry of both the S~1VB and THERMO tanks have a significant
cylindrical section, a simulation of the entire THERMO and S-1VB tanks

was attempted through the use of equivalent volume cylinders. In order

to determine the best possible antenna position for optimum probe coup-
ling, the field patterns of a number of modes were drawn. See Appendix C,
Section |. A careful study of the field patterns shows that for a trans-
mitted energy system; i.e., one excitation probe and one detection probe,
the probes should be 180° apart with respect to the 8 coordinate of

the cylinder. All that remains is to determine the optimum probe location
along the z and r axis. '

The optimum location of the probe along the z axis of an empty right
cylindrical tank is determined by first finding the highest number

of p variations of the "TMon " or 'TE n " modes for the frequency band
used. Dividing the height o? the tanﬁ By two times the value of the
highest p, gives the optimum distance from the end of the tank to

.the highest p mode. All of the lower p modes (p greater than 0)

will be coupled into the tank at this point at least slightly. In order
to couple into lower p modes better, the locating point is modified

by multiplying by 1.414, In equation form:

L.P. = (d/2p) V.44
where p is defined as the number of half-wavelength variations of the
field in the.z direction and L.P. is defined as the locating point from
the bottom or top of the cylinder.

The optimum location for the probe radially can be determined by
inspection of the field equations. This requires a trial solution.

Take the five highest Bessel zeros (Xp,) that will be encountered
in the frequency range used for both '"TE" and '"TM' modes, and deter-~
mine X 8 with the two lowest m's (usually m= 0 or 1).

For exaﬁple:

a) XOA = 11.792
b) X,, = 11.620

23
Finding the value of xm(n-l) we have:
a) X03,= 8.654
b) X,, = 8.417

Solve the following expression for R in each case:

X, (R) Xotn-1) A
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3.7

where:
A = radius of cylinder
a) Xoy (R) = X03 (A)
R = 8.654 (A) / 11.792 - 0.734A
b) 'X23 (R) X22 (A)
R=8.417 (A) / 11.620 - 0.725A
The largest R gives the desired case. Next find the half-distance
from the edge of the cylinder for the given R where: H.D. is defined
as the half-distance from the edge of the cylinder
H.D. = (A - R)/ 2
For our case:

H.D. = (A - 0.734A)/ 2

This results in the best probe location for the mode for which the zero
occurs nearest the edge (all have to go to zero at the edge). Again,
multiply the H.D. by 1.414 to give a position with better coupling to
other modes without seriously affecting worst case mode coupling.

The position determined may not be physically realizable unless probes
can actually be located within the tank. While this position is optimum
for coupling to all modes, the coupling may be so weak that the mode is
nondetectable. Nevertheless, probes in this vicinity, whether along the
cylinder wall or end, have experimentally been coupled to a majority of
the maximum number of resonances (90% or greater).

Development of Volume Dependence Formula

In order to establish an independence of resonant count to cavity
geometry and develop a volume dependence relationship that would better
fit the theoretical data, computer programs were run on two equal

volume cavities having different geometries. The two geometries chosen
were rectangular and cylindrical with volumes equal to those of the

1/3 scale THERMO tank. The rectangular tank had the following dimensions
15,36" X 9.6" X 15,.36" and the cylindrical cavity had a radius of
0.15448 m and a height of 0.49434 m. Table 3-3 shows the fractional
loading dependence when the cavities are filled with a propellant having
a dielectric constant of 2.28 (Benzene). The calculations were made

neglecting loss tangent effects. Therefore, B, the mode reduction value,
equals 1,
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TABLE 3-3
LOADING DEPENDENCY 1/3 SCALE' THERMO TANK

Fractional | : ' Resonant Count
Filling <l to 15.36" | _L to 9.6" Cylinder Volume Dependency
0.0 292 292 - 288 296
0.1 360 362 353 356
0.2 430 428 b3k 520
0.3 511 509 507 482
0.4 - 577 579 574 551
0.5 658 654 651 621
0.6 722 724 719 696
0.7 804 798 793 775
0.8 871 863 867 . 857
0.9 951 94k 943 935
1.0 1022 1008 1014 1015

Again the volume dependence formula developed during Phase A is in
error.. The key to-the refinement of the volume dependence formula

lies in the containment of specific mode sets within the propellant
dielectric and the air dielectric, See Appendix A. The number of
resonances contained in the propellant dielectric is directly proportional
to the dielectric constant of the propellant and as the propellant
fractional filling increases, the number of resonances must increase in
a linear manner. Therefore, the volume dependence formula must be
modified accordingly. Since the empty and full cases agree in all
instances, the fractional filling dependence ''a'' must be in error.

The basic formula developed in Phase A is:

8nv ‘
N=—(f3 - )01 + (e, - Da1®?
3c3. - r

For the empty case this reduces to:
8nv
N = —(F3 - )72
3
3c

For the full case this reduces to:

8rv .
N =—(f3 - £)e 32
3¢3 .
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In both cases, ''a'' the fractional filling has been removed. Inspection
of the volume dependence formula for fractional filllng shows a 3/2 a
dependence as the variational technique also indicated. |[|f the
fractional filling is to be linear, as the exact cavity solutions show,
the basic formula must be modified. ., Postulating a new volume dependence
formula we have:

where:

N= N1+ (sr3/2- Nal

N

o

8nv

3¢3

363y
(3 - )

A comparison of the loading dependence generated by the postulated
formula with the exact solution of the equivalent volume tanks is given
in Table 3-4.

TABLE 3-4

COMPARISON OF MODIFIED VOLUME DEPENDENCY FORMULA

Resonance Count

. Fractional ! Modified

. Filling 1 to 15.36 | 1 to 9.6 Cylinder Volume Dependence
0.0 292 292 288 296
0.1 360 362 353 368
0.2 430 428 L34 LLo
0.3 511 509 507 513
0.4 577 579 574 584
0.5 658 654 651 656
0.6 722 724 719 728
0.7 804 798 793 801
0.8 871 863 867 872
0.9 951 944 943 945
1.0 1022 1008 1014 1015

It can be seen that a good correspondence now exists between the
exact solutions and the approximate volume dependence solution.
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3.8 Resonance Distribution Versus Frequency Band

3.9

The Phase A report stated that the differential number of resonances
dN, excited in a cavity for a fixed frequency band should follow the
relationship, :

dN 2
— = constant x f
df

This relationship is based on the volume dependence formula and a

plot of the relationship is shown in Figure 3-11., |t was postulated that

in a matched tank the resonance distribution would follow the differential
distribution curve. Since an exact mode solution was obtained

through the use of computer programs, it was desirable to plot the actual
resonance distribution for a cylindrical cavity. The differential resonance
distribution for the standard cylindrical cavity is shown in Figure 3-12.

It can be seen that a least squares approximation to the actual resonance
distribution does agree with the postulated mode distribution. That is.

the average resonance distribution does follow a square law. Plots were made
of the resonance distribution for partial fillings of the standard cylindrical
cavity with both Benzene and LHy In all cases for each of the partial
fillings, the resonance distributions followed the square law response. What
remains to be proven is that a resonance distribution that follows the square
law response jis indicative of a matched tank. This will be shown in
Paragraph 3.10 and the experimental section of this report.

Mpode Merging and 'Q' Dependency

Up to this point we have considered only ideal cases with regard

to resonant count ''N*' versus fractional filling 'o''. In actual practice,
it would be impossible to detect and count eacn and every mode due to
mode degeneracies and individual mode overlap. Mode degeneracies.

being defined as modes that exist at the same frequencies, and mode
overlap being defined as the merging of modes due to finite mode 'Q'.

Figure 3-13 shows the upper and lower bounds that the resonant count can
have due solely to mode degeneracies, ie; a infinite system ''Q! is

still being assumed. These bounds were established through the

analysis of the exact solution of the number of modes contained

in a cylindrical cavity. Note that the upper bound is in agreement with
the postulated volume dependence formula. This is the maximum possible

number of resonances that could exist in a cavity. .

The lower bound is indicative of the loading response that would exist
if the cavity were a perfect cylinder since the degeneracies would be
inseparable. In essence, bounds have been established which include
the detectability of mode degeneracies. In an actual tank such as the
S-1VB or THERMO, the nonsymmetrical geometry as well as the internal
perturbations would cause a portion of the mode degeneracies to split
and the loading curves would be contained somewhere within the bounds
shown in Figure 3-13.
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The second phenomenon of concern is that of resonance merging due to
overlap of adjacent resonances. See Figure 3-14.

The overlap of adjacent resonances is caused by finite resonance ''Q" due to
cavity absorption of RF energy. Q" is a measure of the sharpness of response
of the cavity to external excitation. The common definition of "Q"

relates the energy stored in the cayity to the energy loss per cycle,

w_ [energy stored
Q=_._°-

2t \energy loss

For a realistic system, all system losses must be considered. The total
overall system Q"' factor from all loss sources is:

1 1 1 1
J—— = —— e -+ —Q—

Q Q

system tank Qdielectric external
Q" is directly related to the loss tangent; therefore:

tand = tanéd + tand + tang

system tank dielectric external

where tand external includes cable losses, generator 'Q', and

connector losses. A complete discussion of ''Q' effects can be found

in Volume | Appendix F. |In order to determine the effects of resonance
overlap, a computer program was developed that would compute the trans—

fer characteristics of a resonant cavity when two adjacent resonances
overlap. Transfer characteristics were determined for adjacent resonances
having variations in resonance '"Q'', resonance amplitude, and resonance
separation frequency.' Appendix C, Section || shows the transfer characteristics
of a number of adjacent resonances having a variety of parameter variations.
In all cases, the system ''Q'' or total ''Q'' has been used. Inspection

of these curves allows the formulation of a figure of merit concerning

the proportions of resonance overlap.

Figure 3-15 shows two adjacent resonances and the interrelationship
between the resonances.

DF 3 dB points
i ! 1
] I
F| F2
RESONANCE OVERLAP DEFINITION
FIGURE 3-15
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The half power points or 3dB points, Af‘ and Afz can be related to the
resonance ''Q'' by the following expression:

f

Af, .
QG

f

Af, =—2
Z g

2

The separatlon of the adjacent resonances &f = Fa - Fy can now be uspd

in conjunction with the resonance ''Q'" to determine the over]ap factor,
DF, between the two resonances; that is,

= §f - L 2
2, 22

or

F F
DF = FZ-F]-(—’- + =2

2Q1 2Q2
This expression for resonance separation provides a figure of merit with
regard to resonance detectability that is directly related to resonance
'""Q"". What now remains is to combine the effect of resonance degeneracies
and resonance overlap in a statistical manner that is indicative of the
actual detectability of the resonances. The development of such a
statistical program will be discussed in Paragraph 3.10.

3.10 Development of Statistical Representation

In order to formulate an empirical relationship between the actual number
of resonances detectable in a cavity and resonances merging, experimental
data on a cylindrical cavity was analyzed with respect to theoretical
predictions. A computer program was run on a cylindrical cavity

22.875 cm in radius and 54.8 cm in height. Individual resonances were
identified as being either *'TE' or '"TM", degenerate or nondegenerate,
separate or identical frequencies. A summary of the breakdown for the

cavity excited in the frequency band of 1-2 GHz and filled with a
dielectric of 2.28 is given in Table 3-5.
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TABLE 3-5

RESONANCE BOUNDS STANDARD CYLINDRICAL CAVITY

Condition/Fractional Filling a = 0.0 = 1.
Number of Resonances Including Degeneracies 190 659
Number of Separate "TE' and ''TM" Resonances 106 355
Number of Individual Separate Frequencies 99 333

An experimental cavity was constructed and excited over the frequency

band 1-2 GHz.

chart and a direct comparison of the theoretical resonance frequencies

to the experimental results made. Table 3-6 shows the comparison made

The resonance pattern was recorded by means of a strip

for the empty standard cylindrical cavity.

TABLE 3-6
RESONANCE DISTRIBUTION STANDARD CYLINDRICAL CAVITY
Resonance Count (Empty)
Frequency (GHz) Analysis Experimental

1.0 - 1.1 6 6
.1 - 1.2 13 14
1.2 - 1.3 12 12
1.3 - 1.4 15 14
1.4 - 1.5 17 15
1.5 - 1.6 | 25 25
1.6 - 1.7 5 17 15
1.7 - 1.8 26 29
1.8 - 1.9 27 26
1.9 - 2.0 32 28
TOTAL 190 184
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A number of observations can be made: 1) the average modal frequency
distribution compares favorably with the predicted distribution, 2) the
total number of resonances is in correspondence with the theoretical
maximum, and 3) due to the construction of the cylindrical cavity, most
degenerate resonances split. A careful study of the resonance pattern
obtained yielded a number of general guidelines to determine whether

or not a certain set of resonances would be physically detectable. The
computer program, Figure 3-16, contains a number of resonance sets in
which "TE" and "TM'" resonances exist at the same identical frequency
with the "TE'" resonances being degenerate to itself. The four blocks

of the figure shows the cases where the TE(2) and TM(1) resonances

occur at the same frequency (f) thus having a maximum number of three
resonances occurring at one frequency. However, since they occur at

the same frequency they are not all readily detectable.

This. implies that a maximum number of three (3) resonances can possibly
exist at this frequency and that a minimum number of one (1) resonance
be detectable. Careful study of this particular resonance set by use
of strip charts shows that in a majority of instances, the set of three
resonances is detected as two. A second case of interest is one in
which individual resonances are quite close to each other. Because of
the finite system ''Q', these resonances tend to merge together and be
counted as one. Study of experimental data in conjunction with the
resonance transfer characteristics previously developed (See Appendix
C, Section I1), instigated a set of weighing factors that could be
applied to the maximum theoretical resonance count. These weighing
factors would modify the theoretical resonance count to a practical
obtainable resonance count. The weighing factors incorporating the
empirical results obtained on the standard cylindrical cavity are:

For Degenerate Resonance Sets

a) For all degenerate resonance sets where overlap factor is positive,
the weighing factor is two (2).

b) For all degenerate "TE'" and ''TM" resonance sets whose overlap factor
is positive, the weighing factor is two (2).

c) For all degenerate mode sets whose overlap factor is negative,
the following cases apply;

1) if (Fp - Fy) >|2 x DF| the weighing factor is one (1)
2) if (Fp = Fy) <]2 x DF| the weighing factor is zero (0)
For Non-degenerate Resonance Sets

a) For all non-degenerate resonance sets whose overlap factor is
_negative, the weighing factor is zero (0).

b) For all non-degenerate resonance sets whose overlap factor is
positive, the weighing factor is one (1).
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A computer program was written that combined the exact resonant fre-
quency solution to a cavity and the weighing factors. Since the
weighing factors are ''Q'' dependent, this allowed for the establishment
of a loading dependence that is '"Q" dependent. This program was used
in conjunction with cylindrical and rectangular tanks that were
equivalent in volume to the Phase A THERMO tank and the Phase B THERMO
tank as well as other simulated spagecraft type tanks. The computer
programs were run for the following dielectrics, Liquid Hydrogen, LHj
(1.23), Liquid Nitrogen, LHz (1.46) and Benzene (2.28). System "Q"
values ganged from « to 500 and the frequency bands of RF excitation
rangedffrom 1 to 4 GHz. The loading dependence (sensitivity) curves
for the standard cylindrical cavity are shown in Figures 3-17 through
3- 20, using the average ''Q'' value.

The most important conclusion that can be made from these plots is
that the system sensitivity or loading dependence can be determined
for a propellant tank having a finite system ''Q". The system ''Q';
being defined as:

1 1 1 1
- = - + - + = .
ststem Qtank Qdielectric Qexternal

where the external ''Q" includes the effects of cable losses, probe
losses, and RF generator losses. The graphs show that when the system
"Q'" is low (1000 to 500), the loading response becomes nonlinear
regardless of the dielectric used in filling the cavity.

By observing the loading response of a given tank for various

frequency ranges, a lower frequency bound can be established. For

example, a computer program was executed for a cylindrical tank

equivalent in volume to the 1/3 scale THERMO tank, partially filled

with LHy, and excited in the frequency bands 1-2 GHz, 2-4 GHz, and

1-4 GHz. Inspection of the loading dependence curves, Figures 3-21

thru 3-23 points out that the theoretical loading dependence curve

(Q = =) is extremely nonlinear in the frequency range from 1-2 GHz.

The frequency range from 2-4 GHz for this volume tank gives a linear
response and it can be concluded that a lower frequency bound for this

tank is at 2 GHz if a linear loading response curve is desired. Establish-
ment of an upper frequency bound is graphically illustrated in the reson-
ance distribution curves for the standard cylindrical tank partially

filled with Benzene. Since a maximum number of resonances will always
occur at the high fractional filling, the resonance distribution at these
points is critical. The resonance distribution curves for a 90% filling
are shown in Figures 3-24 through 3-29. For various system ''Q's" it can

be seen that the resonance distribution deviates from the square law
distribution curve at distinct frequencies.

.

A deviation from the square law response being defined as a point at
which the average resonance distribution no longer has a positive slope,
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i.e., the point of zero slope. The mathematical expression is:

d2N  _ 0
dfz =~

For a tank having a specific system ''Q"', the upper frequency limit can be
determined as the point where:

2N _
dfz

For the standard cylindrical tank, the upper frequency limit is plotted as
a function of 'Q' as shown in Figure 3-30.

In practice, the lower frequency limit is not dependent on mode overlap to
any great extent. Rather, it is on indication of a sufficient number of
modes to uniformly illuminate the tank interior. Whether the lower fre-
quency limit is best obtained by looking at a loading curve for octave
bandwidths or by computing the total number of modes up to the lower fre-
quency limit has not been determined. Present indications are that it
would be best to set a lower frequency limit from the total number of
modes excitable if the cavity were sweep from the cutoff frequency to the
minimum sweep frequency.

A mathematical relationship has been derived for the normalized mode count/
unit bandwidth, which is in approximate agreement with the computer de-
rived results. This relation is:

%ﬁ-= %%—}>(1 - expf%%ra (3-13)
where:
IR L AN CIU LR i (3-14)

]

Theoretical number of modes excitable in a partially
loaded tank from cutoff frequency up to frequency f.

N = Number of resonances excitable for a tank of finite Q.
Comparison of the results of this calculation and the computer calcula-
tions is shown in Figures 3-24, 3-25, 3-26, 3-27 and 3-28.

This formula is seen to have an approximate agreement with the computer
calculations .and, therefore, is a useful tool for determining: 1) The
number of excitable modes (N') and 2) The number of detectable resonances
(N) up to a given frequency f. When the previous differential formula is
integrated, it takes the form:

N = N [1 - exp (- gor) + g 1-:1(-3-%-.-)] (3-15)
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A comparison between the loading dependence obtaind by the above equation
and computer-calculations for .the standard cylindrical cavity, is shown

in Figure 3-20. As the figure shows, a good agreement exists between the
two types of calculation procedures.

The final choice of method to calculate N will depend on comparisons be-
tween the two methods and experimental results.

The techniques developed here are powerful tools, 'in that they give a means
of establishing the system operating parameters,.frequency band and sys-
tem sensitivity. Both of these parameters are directly related to the

system ''Q", which can be experimentally measured or mathematically calcu-
lated. :

A complete set of statistical data for the Phase A THERMO tank partially
filled with LN2 can be found in Appendix D.
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4.

SECTION 1V

EXPERIMENTAL STUDIES

Introduction

In order to verify the thecretical predictions made and to prove the
feasibility of a Zero 'G'" mass gaging system, a number of experiments
were conducted on scale model spacecraft type tanks. The scale model
tanks were tested with simulated fuels.(Benzene and LN3) as well as an
actual fuel (LH2). The simulated fuels were selected for their simi-
larity to the actual fuel's electrical properties and for handling ease.

Simulation of the expected propellant configuration under low gravity
conditions was performed by reorientation of the tank for a number of
constant loadings. A vertical loading response was chosen as a basis
to compare experimental results to theoretical predictions, since the
loading response was theoretically analyzed in this orientation.

The objectives of the experimental work were:

a) to verify the prediction that the resonant count remains
invariant with redistribution of the dielectric content.

'b) to correlate theoretical predictions of loading dependence
with experimental results.

c) to evaluate the RF gaging system under operating conditions
that could not be determined theoretically; that is, static
loading, incremental positioning, slosh and flow tests.

d) to specify system design parameters that could only be
determined experimentally.

The brunt of the experimental work was performed on two laboratory type

-tanks. Both tanks were constructed of .aluminum and were designed to

incorporate the utilization of an automatic fill and drain system. Physical
désign size of the tanks was limited by handling facilities (considering
tank weight when filled with simulated propellants) however, the tank
volume was made as large as possible in order to use a lower frequency
bandwidth. .

An aluminum, cylindrical tank with flat ends (18 in. diameter by 22.312
in. height) was fabricated in order to provide a laboratory standard
cavity that could be used to directly verify the theoretical analysis
performed. This laboratory standard was used to make basic measurements
and was always retained in its standard form for purposes of performance
confirmation and data repetition.
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4,2

A second multi-purpose aluminum tank was constructed that could be used
for a number of various tank geometries. The various sections of the
tank could be recombined so that the following basic tank shapes could
be studied:

a) cylindrical tank with flat ends

b) spherical tank

c¢) cylindrical tank with one external hemisphere

d) cylindrical tank with two external hemispheres

e) cylindrical tank with one internal hemisphere

f) two-fifths scale THERMO tank complete with internal perturbations

Figure b-1 shows the multi-purpose tank assembled to the basic THERMO
configuration. All the internal perturbations are removable and bosses
are provided for the addition of other perturbations not distinct to
the THERMO tank. See Figure 4-2. '

Both tanks were designed to incorporate the utilization of an automatic
fi1l and drain system suitable for use with the storable simulant (Benzene).
The automatic fill and drain system consisted of a drum reservoir with
suitable valving for draining and filling the test tanks under pressure.
A sight glass attached to the drum reservoir provided quantity calibra-
tion for fractional fillings, 'a', in the test tanks.

In order to provide a LH, test fixture, the 1/3 scale THERMO tank,
constructed for laboratory testing during Phase A of this contract,
was selected since its smaller size would provide the least difficulty
in terms of the thermodynamics involved in the storage of cyrogenic
fluids. A cryostat was fabricated to insulate the 1/3 scale THERMO
tank. The tank was stripped of all internal and external hardware and
a fill tube, vent line and GH, external precooling coil were added.
See Figure 4-3. The tank was able to retain nitrogen in liquid

form but proved to be an inadequate cyrogenic test fixture for the
storage of LH,.

At Bendix expense a simulated spacecraft tank was constructed from a
laboratory dewar in order to provide a test tank for LH,. Figure 4-4
shows the construction of the 25 liter LH2 simulated spacecraft tank.

Standard Cylindrical Cavity Tests

To provide a sound foundation on which to expand the RF gaging
concept to complex tank geometries, the initial phase of the experi-

mental program concerned itself with a simple cylindrical tank that

could be theoretically analyzed ‘and also the experimental study of the
RF properties of the S-1VB tank.
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An exact computer solution of the resonant frequencies was obtained
for the standard cylindrical tank and experiments were initiated to

answer the following basic questions:

a) Does the experimental number of excitable resonances agree

with the theoretical predictions?

'b) Does the experimental resonant distribution agree with the

theoretical distribution?

¢) What parameters govern probe coupling into the tank?

d) Whay type of probes provide optimum resonant coupling?

The theoretical resonant frequencies were plotted on a length of

strip chart paper in ascending frequency order with spacing being
proportional to the sweep time required to transverse from the lower
Each resonant

frequency bound, f to the upper frequency bound, fj.

mode was identified as being "TE" or '"TM'", degenerate or nondegenerate.

Prior work accomplished during Phase A had employed a transmission
type RF system to obtain a matched tank.
as a tank whose resonant count is insensitive to dielectric position
for any given fractional filling "a''.
uses one or more excitation probes which insert RF energy into the

cavity and one or more detection probes which extract RF energy from
The initial experiments performed on the standard cylin-

the cavity.

A matched tank being defined

The transmission type RF system

crical tank utilized the transmission method of RF resonant mode
detection using one excitation probe and one detection probe.

Figure 4-5 shows the .experimental setups used to verify the theoretical
analysis made on the cavity, with various possible positions of excita-
tion and detection probes, though only one was used in experiments, i.e.,

reflected energy technique.

]‘v * "]
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The prime purpose of the experimental tests was to verify the input
prediction of an empty mode count of 190 modes for the cavity when
excited in the frequency range of 1-2 GHz.

In the implementation of this task, a number of holes were drilled into
the cavity, as shown in Figure 4-6, in order to allow for various com-
binations of exciter and detector probes. The holes are labeled A through-
F, and M through R as shown in the figure. Before the location of the
coupling system could be chosen, the type of tank coupling had to be
determined.

4.2.1 Tank Coupling

The input and output coupling method for a microwave system consists

of antennas a few centimeters in length. The antennas may, for coaxial
leads, be either electrical field probes in the form of monopoles, or
magnetic field probes in the form of loops, or a compound antenna made
up to these elements. The criterion for the antenna is that it should
couple to all the modes in the cavity, and the "'Q' of the whole system
should be sufficiently high to allow the output power for' each resonance "
to be detected and distinguished from the neighboring resonances.

The variation of transmitted power with various coupling systems may
be derived from Equation 4-1 with Afo made equal to zero.

2 .
Py 4O ! (4-1)
P T qQ, 285 4
o] 172 L1+ —
o
where: Py =" transmitted power

P0 = jncident power
Q = Loaded "'Q"

Q; = input port coupling "'Q"

output port coupling "'Q"

- O
N
1 #

resonant frequency

At resonance we have:

2
P, hQ
3.2. T 'c'z (4-2)
o) 172
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CAVITY SHOWING LOCATION OF ANTENNA HOLES

FIGURE 4-6
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This shows that for a given loaded "'Q", maximum transmission occurs
when Q) = Q2. Also maximum possible transmission occurs when Q; and
Q2 are as small as possible, meaning that the probes should be as
lightly coupled to the cavity as possible.

The general coupling '"Q" is a function of the electric field within
the cavity at the position of the probe, in the form:

1
Q =IET2 (4-3)

Consequently, at the point of low electric field, the coupling ''Q"

will be very high, and the transmitted power will be very low. Since

all the resonances will have different values of electric field at a given
probe position, the value of E is likely to vary from one resonace to the

next. Thus, the coupling '"Q'' and the transmitted power will vary widely.

The theoretical unloaded ''Q's' of the resonances in the standard

-cavity were calculated and are shown in Figure 4-7 for the empty cavity

excited in the frequency range of 1-4 GHz. Although the unloaded '‘Q'' was
high, 40,000 or greater, measurements of Q ranged from 5000 to 1000
with an average Q; of approximately 2000 to 3000 with a monopolé

antenna system.

The antenna system used in coupling to the tank is instrumental in its
effect on the system ''Q" or loaded 'Q''; therefore, care must be
exercised in the selection of the antenna system that is used.

Antenna Systems

Antenna systems may be considered as either narrow band or broad band
systems. The narrow band antennas are resonant antennas such as

simple monopoles or loops. Monopoles were chosen for experimental

work because; 1) they facilitate experimentation, and 2) the loop does not
have such a great advantage over the monopole for wide band applications.

4,2.2.1 A Narrow Band Antenna

A monopole antenna radiates best into free space at a frequency for
which the length of the monopole is approximately one quarter wave-
length. For frequencies remote from this resonant frequency, the
antenna is a poor radiator. For a resonant antenna radiating into

a cavity which has dimensions larger than the wavelength of operation,
the same property may be approximately true. For example, a frequency
of 1.5 GHz had a wavelength of 20 cm. A monopole radiator for this
frequency is thus approximately 5 centimeters long. The standard
cylindrical cavity dimensions are 55 cm long by 46 cm in diameter.
Thus, it may be argued that the antenna properties will be roughly
similar to operation in free space. A monopole antenna slight longer
than 5 cm was constructed. The reflected power from the antenna
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4.2.3

was measured in order to determine the amount of power radiated into
free space across the frequency band. A plot of transmitted power
versus frequency is shown in Figure 4-8. It is noted that the mono-
pole transmits twice as much power at a frequency of 1.3 GHz, than at
the ends of the band. Consequently, a cavity coupling system employing
transmitting and receiving monopoles of equal lengths may be capable of
transmitting four times as much power at the middle of the band as com-
pared to the power transmitted at the ends of the band. Using mono-
poles of suitable unequal lengths will make the transmission out of the
cavity more level across the band, but even then it may be expected
that more than half the power from the generator will be reflected

back from the cavity.

A Broad Band Antenna

The monopole is a poor radiator over a wide frequency band because
it is a resonant circuit element. The simplest form of broad band
antennas is the metal cone. To investigate the properties of the
cone antenna, some 20 cones were fabricated in order to find the
best design for radiation into free space in the 1-2 GHz region.
The best cone design was found to be approximately a 60° angle

and 3 inches in length., By virtue of being a broad band antenna,
the size of the cone is not so critical a factor as for the mono-
pole. One of the cones, a sixteen-spoke wire cone, is shown in
Figure 4-9, together with a monopole and triangular probe for com-
parison. The power transmission properties of the cone in free
space are shown in Figure 4-8. It is noted that the cone is capable
of transmitting over 85% of the incident power across the frequency
band. The properties of both the cone and the monopole were
measured using standard standing wave measurements. A Smith

chart impedance plot for the cone is shown in Figure 4-10.

To test the relative performance of the monopole and cone antennas,
the antennas were located in each of the holes drilled into the
standard cavity and comparisons were made of the strip chart record-
ings with regard to mode detectability and mode number.

Comparison of the Monopole and Cone Antennas in a Resonant Cavity

Various combinations of monopoles and cones were inserted into the

cavity and the transmitted energy was recorded for each location.

Two phenomena were immediately apparent: 1) when the cavity was
‘"overcoupled' the resonant pattern tended to merge and identification

of the individual resonances with the theoretical analysis was impossible,
and 2) when the cavity was ''undercoupled! the individual resonances were
distinquishable but the amplitude of the transmitted power was low.

Experiments confirming the merits of cones and monopoles showed that
the cone was capable of transmitting much more power through the
cavity than the monopole. Consequently, the moncopoles led to a

much cleaner picture of the modes across the band, but many of the
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resonances could not be detec¢ted because they were of such small
amplitude, The cone, ‘on the other-hand; transmitted-much more power,
and more reésonances®could be-seen, but-there-was -much-difficulty in
distinguishing. thé -individual resonances- from each other.

‘Since a-direct correlation betweer-the theoretical ‘analysis and the

experimental work was desired, it was-decided to-determine the best
length ‘of *monopole -which-gave- ‘the- clearest response as far as indivi-
dual resonances were concerned.. - in this-manner-individual resonances
could be.identified.

OptimUm;ReSOnaht~Coup1?ng'With"Small“Monopoles

With monopoles ‘in ‘thevarious hele locations -marked A through F in
Figuré 4-6, :the transmitted power was recorded on-a strip chart

-recorder. . The length ‘of the -monopoles was then reduced and the

recordings .were repeated. It was decided from the recordings that
the monopoles giving the best response, as far as mode clarity was
concerned were about 3/8" long for a frequency range of

1-2.GHz. .These produced-only .a'small--amount of resonance merging:

at the- hlgh end of the frequency band. With this length of monopole,
it waéﬁfoundAthat:only*about‘ha}fwofﬂthenresonances in the cavity
could be detected, since the-coupling was -so-small. Other holes
were then drilled in-the cavity-at:-locations G through M in Figure
4-6.  :These holes were -spaced-2 inches from-the original holes.
Holes -G.and H formed-a:plane with-the holes A-and B and were on
opposite.sides of the-line AB.- Holes-J-and-K-were vertically below
holes :C and.D:respectively; while holes-L-and-M were vertically
above holes .E and F respectively. With -probes:in several of these’
positions another-25% of-the-resonances could-be coupled. At this--
point; theoretical -probes: should-not be-placed at-positions of"
symmetry:in the cavity:-Consequently; the-holes A through F .were
not .used.again: -Four other-holes-were-drilled-in-the cavity at
positions indicated by-theory for-coupling-to the maximum number

of resonances. -These~are-labeled N through R-in Figure 4-6.

Holes :N:and..R are-four centimeters-frem-their common edge and holes
P and Q are four-centimeters -from their ‘common-edge. Coupling via
these positions “in fact-did not produce an appreciable increase in
the number_of resonances. Finally - in an attempt to produce as many
resonances .as .possible, all 10 probes were tied together, four to
radiate.power' into the cavity,- and'six to-receive power from the
cavity...By:.this method -90% of the resonances were coupled and were
identifiable .with the computer program. - -Table 3-6 shows the experi-
mental:results compared-to-the theoretical solution of the resonances.

The- conclusnons derived -from-the - work performed on the standard
cylindrical cavity can be summarized as follows:

L-16
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a) 90% of the tank empty count can be obtained. through the use of
both multiple antenna systems (undercoupled) as well as single
antenna systems (overcoupled).

b) In an overcoupled antenna system, identification of individual
resonances is impossible. ' A -maximum-resonant -count can be more
easily attained -using -an overcoupled system but at a sacrifice
of lowering the system ''Q'".

c) in an undercoupled ‘antenna system, identification of individual
resonances can be made. A maximum resonant count can only be
achieved through the use of ‘a multiple antenna system. Although
the system ''Q" is high, the relative resonance amplitudes are
small and system sensitivity or resonant detectability suffers.
Maximum resonant count can only be-achieved through use of
multiple antenna system when an under coupled antenna system
is used.

d) A monopole antenna provides the best response with respect to
resonant ''Q" -and ‘resonant amplitude. - The optimum length of a
monopole is a quarter wavelength-at the ‘mid-point of the operating
frequency band. - There is no optimum number of antennas in the
transmission ‘mode of ‘detection, since it -is not the ideal mode
of coupling -into the cavity.

e) The experimental resonance distribution per unit bandwidth is
in agreement with the predicted distribution.

With the establishment of these basic premises, an experimental
study was made of ‘the $-1VB tank which was matched during Phase A

of this contract. This study was made in order to test the validity
of the conclusions, 'and ‘to isolate -any other phenomenon a matched
tank exhibited,

S-1VB Matched Tank Study

The purpose of the S~-1V¥B matched tank study was to isolate the parameters
that provide a matched ‘tank condition. The 1/20 scale model S-1VB tank
was excited in the frequency band of 2-4 GHz and its static loading
response was determined for fractional fillings with Benzene (dielectric
constant = 2,28). Figure L-11 shows the static response and Table 4-1
shows the deviation in resonant -count, for-a static orientation test.

The resonance distribution for the ‘tank follows a square law response.
These results agree with the results obtained during Phase A. The
system or loaded 'Q'' was measured -for a number of resonances with the
average system ''Q' ‘being approximately 1000 to 2500.  Since the original
antennas that were used during Phase A were retained in the tank for this
study, it would be of interest to compare their lengths to the antennas
used in the standard cylindrical cavity. A transmitted energy system was
used and the antennas were ‘located on the ‘tank as shown in Figure 4-12.
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FIGURE L-12

The RF probes are located as follows:

Dome input probe - along ''z'' axis length

= 2.5 cm
Side input probe - along 'y! axis length = 2.0 cm
Dome output probe - along ''-z' axis length = 2.1 cm

A1l of the above antenna lengths are in good agreement with the 1/4
wavelength supposition determined on the cylindrical cavity.

"The following conclusions can be made from the S-1VB matched tank study:

a) The empty resonant count represented 90% of the maximum number of
resonances that are the theoretical excitable.

b) The antennas lengths used were 1/4 wavelength of the center frequency
(3 GHz). The location of the antennas at the cylindrical section
boundaries is in good agreement with the theoretical analysis made
in Section 111, Paragraph 3.5.

c) The experimental resonance distribution follows a 2f law distri-
bution.

d) The external ''Q'' has the largest effect on reducing the system '‘Q",
since the external 'Q' refers to "'Q'' of cables, tank and propellant.

Since these parameters were in accord with the results obtained on the

standard cylindrical cavity, it was felt that these parameters completely
specified a matched tank condition. Consquently, work was started on
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the 2/5 scale THERMO tank using Benzene as a simulated propellant. The
probe configuration and frequency range used on the 1/20 scale S-1VB
tank were retained as being a key to the matched condition,

THERMO Tank Tests (2/5 Scale Model)

The 2/5 scale THERMO Tank was assembled from the multi-purpose tank
minus all internal perturbations. Antennas were located at posi-
tions equivalent to the antenna positions on the S-1VB 1/20 scale.
tank. In order to find an optimum antenna length with respect to
maximizing the empty resonant count, three (3) antennas were mounted
on the tank. The antennas were mounted on the tank as shown in
Figure 4-13 with the bottom exciter being positioned on a plane

90° to the top exciter.

DETECTORS_J/
EXCITERS

(2)

TN

ANTENNA POSITION 2/5 SCALE THERMO TANK

FIGURE 4-13

Each antenna was varied in length, in turn, while the others were
kept constant until a maximum resonant count was obtained in an empty
tank over the frequency range of 2-4 GHz.

Extracting from the experimental data shown in Figure 4-14 the
optimum length of the antennas is determined as:

Exciter 1 = 0.984 inches/2.5 cm
Exciter 2 = 0,794 inches/2.02 cm

Detector = 0,827 inches/2.1 cm .
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The antenna lengths are identical to the S-1VB antenna lengths. This
suggests that the antenna length is strictly a function of operating
frequency band and is independent of tank geometry.

These antenna lengths gave a maximum resonant count over a frequency
range of 2-4 GHz. The maximum resonant count under these conditions for
an empty tank was 439, and with a fractional filling of 1.0 (full), was
770. In comparison with a theoretical count for an empty tank (exciusive
of all perturbations), the resonant count obtained represented approxi-
mately 35% of the theoretical empty count,

The full tank resonant count obtained represented 6% of the theoretical
tank resonant count,

The optimum antenna length having been evaluated, a loading test was
conducted with the tank in two different orientations, i.e., horizontai
and vertical.

it was found that the presence of liquid near the antenna distorted

the resonant count. Thus, a different reading was obtained depending
on whether the antenna was above or below the liquid level. This is
shown in Figure 4=15. The antennas were covered with a Teflon probe
guard and the experiment repeated. The resulits shown in Figure 4-16
signify that the Teflon guard rectified this error, and the liquid
level with respect to antenna position had no effect. However, the
resonant count for the different orientations exhibited wide deviations
which is indicative of an unmatched tank,

in a symmetrical tank, the theoretical studies showed that certain
degeneracies occur, over the frequency band; i.e., resonances overliap at
certain discrete frequencies, and these resonances cannot be individually
distinguished., It was felt that internal tank perturbations, such as
side wall sensors, and other tank perturbations would break up the over-
lapping resonance, and as a result obtain a higher resonant count.

In an attempt to obtain a higher empty resonant count, the internal
perturbations were added to the THERMO tank. Figures 4=i7 and 4-18
show that the addition of internal perturbations in alil cases causes
the resonant count to increase. However, even with the increased
resonant count, the tank remained unmatched for static orientations.,
Various other probe lengths were tried, perturbations were removed;
but the tank remained unmatched. An analysis of the situation was
made in order to determine what effect the THERMO configuration could
have on a matched tank condition.

Experiments conducted with the 2/5 Scale THERMO tank, had -a resonant

count in an empty tank of approximately 400, and ‘a resonant count in

a full tank of approximately 800. In comparison with the theoretical
~maximum assuming no losses, the count obtained in an empty tank represents
30% and in a full tank, 20% of the theoretical maximum., The theoreti-

cal maximum in a full tank was 4,300. Thin number is far too high for
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satisfactory detection, due to merging of resonances.
the frequency range i.e., 2-4 GHz, was unsatisfactory for operation of

this tank.

This suggested that

A comparison of the operating frequency band for the 1/20

scale S-1VB to the 1/3 and 2/5 scale THERMO tanks in relationship to
the full tank resonant ‘count was made. '

Table 4-2 shows the relationshi
and resonant count.

TABLE 4-2

FREQUENCY BAND VERSUS RESONANCGE-COUNT

p between operating frequency band

TANK

FREQUENCY RANGE (GHz) |[RESONANCE COUNT SPREAD
S-1Ve 2-4 1200 Theoretical 2 Mc/Resonance
800 Experimental
1/3 THERMO 2-4 2200 Theoretical 1 Mc/Resonance
600 Experimental
2/5 THERMO 2-4 4300 Theoretical 0.4 Mc/Resonance

770 Experimental

Since the resonance spread was greatest for the S-1VB matched .tank, it
was decided that the operating frequencies for both the 1/3 scale

THERMO tank and the 2/5 scale THERMO tank were too high.

A new

frequency band for the 2/5 THERMO tank was selected on the basis

of 1000 resonances for a full tank.

The frequency range was altered to

1-2.4 GHz to produce & full tank mode count of 1000 for more practi-

cal detection.

A quarter wave length (center frequency 1.7 GHz)

~ was used for the antenna lengths and the resonant count for an empty
tank increased to 55% of the theoretical count.

The new operating frequency band of 1-2.4 GHz substantially
improved the empty resonant ‘count, but did not achieve a matched tank

condition.

The failure of the transmitted energy type of resonance excitation. prompted

the use of a reflected energy technique.

The reflected energy technique

utilizes a circulator in order to detect the reflected energy from the

tank.

L-28

The implementation of a reflected energy system is shown in
Figure 4-19.
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At resonance the tank absorbs RF energy; therefore, the amount of
reflected energy seen by the crystal detector decreases. The reflected
energy resonance pattern is the direct inverse of the transmitted energy
resonance pattern.

Two important results were obtained through the use of the reflected

energy technlque In previous experimental tests using the transmission
technique a number of excitation and detection antennas were used. The
multiple antenna system introduced phase cancellation of RF signals at

the T-Junctions, consequently obtaining a matched tank configuration was
extremely difficult. It was found that a single antenna using the reflect-
ed energy technique produced a higher resonance count than a multiple antenna
system. The second significant result was that the RF power required

to excite the tank was consnderably less than the power required for a
transmission type system.

The reflected energy technique using multiple antennas was used on the
2/5 scale THERMO tank. Thls increased the empty tank resonant count to 60%
of the theoretical court. A single antenna system using the reflection
" technique {nireased the empty resonant count to 75% of the theoretical count

further increases in the resonant count could not be achieved, and it was
suspected that the geometry of the tank; that is, the spacing between
the cylinder wall and the bottom dome pfevent uniform illtumination of
the tank. The bottom dome was removed and replaced with a flat plate.
The resonant count obtained with the tank in this conflgurataon was 90% of

the theoretical empty count. This was also the condition of the S-1VB
tank when it was matched.
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The tank was filled with Benzene and a static loading curve obtained.
The loading dependence versus fractional filling was determined and a
linear plot was obtained. This is shown in Figure 4-20. The resonant
count is the average value of the resonant count obtained with the tank
in three different orientations (vertical, horizontal and inverted)

for a given fractional filling. The deviation due to orientation

was within £ 3% of the full tank -resonant count. Table 4-3 shows the
results of the static orientation test.

TABLE 4-3
STATIC ORIENTATION TEST, 2/5 SCALE THERMO

FRACT I ONAL . RESONANT COUNT |

FILLING  |CALCULATED HOR. VERT. INVERT. AVG.
0.0 334 295 295 295 - 295
0.1 415 340 333 332 335
0.3 579, 421 399 418 413
0.5 742 498 489 504 k97
0.7 905 570 580 591 580
0.9° 1069 651 659 669 660

These results show that the basic THERMO tank configuration can be
matched and that the reentrant section was a source of possible trouble.

The flat end plate was removed and the bottom dome replaced. A thin
sheet of aluminum was placed over the reentrant dome, as shown in

Figure 4-21 in order to modify the geometry of the section to achieve
an empty tank resonant count of 90% of the theoretical resonant count.
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ALUMINUM
PLATE

MODIFICATION OF REENTRANT SECTION
FIGURE 4-21

This configuration achieved the required condition, but was impractical
since this would require an excessive loss of available tank volume.

Adhesive aluminum foll was then placed along the dome and cylinder, as
shown In Figure 4-22: :

ADHESIVE

o~ ALUMINUM
FoIL

" MODIFICATION OF REENTRANT SECTION"
FIGURE U-22
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This gave the required condition of an empty resonant count of 90% of the
theoretical resonant count. A static loading test was conducted. A linear
loading dependence was obtained, using the average value of the resonant
counts for the three different orientations. See Figure 4-23. The
maximum count variation was % 8% with respect to orientation for a
particular fractional filling.

This large error could be attributed to the deformation of the aluminum
foil under liquid, since the error was more significant at higher values
of filling.

Table k-4 presents the data obtained for the THERMO tank whose reentrant
section was modified with adhesive aluminum foil.

TABLE b-4

STATIC ORIENTATION TEST, 2/5 SCALE THERMO

FRACT | ONAL RESONANT COUNT

FILLING CALCULATED HOR. VERT. ‘ INVERT . AVG.
0.0 334 295 295 295 295
0.1 415 335 315 323 324
0.3 579 401 387 389 390
0.5 742 462 450 443 451
0.7 905 522 487 ) 497
0.9- 1069 570 546 552 556

In order to provide structural integrity, the tank was modified to meet
the required condition simulated by the adhesive aluminum foil by filling
the reentrant section with plumbers wool. See Figure 4-24. The plumber's
wool did not change the tank "Q'' noticeably.

PLUMBERS
waooL

MODIFlED REENTRANT SECTION

FIGURE L-24
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The configuration reduced the volume of the tank by 2% but the required
condition for matching the tank was achieved (a 90% empty count was
realizable). A static loading test was performed. Figure 4-25 shows
the results of this test. The values at each particular loading are
the average value of the resonant count obtained at the three different .
orientations. Table 4-5 indicates the resonant count data obtained for
various percentage fillings. This test was a system verification, However,
this test was repeated.in detail and the results are shown in Table b4-6.

’ TABLE 4-5

STATIC ORIENTATION TEST, 2/5 SCALE THERMO

FRACTIONAL RESONANT COUNT : -

FILLING HOR. VERT. INVERT. AVG.
0.0 273 273 273 273
0.1 303 304 309 305
0.2 356 343 344 348
0.4 423 435 409 422
0.6 502 50k 495 500
0.8 573 577 558 569

In all of the previous experimental work two sweep generators were used
to obtain the sweep frequency band from 1-2.4 GHz. Because of the
problem of performing dynamic tests on the 2/5 scale THERMO tank, the
sweep generators were replaced with a voltage-tunable magnetron. The
magnetron could be swept over a frequency band from 1.2-2.4 GHz.

Static loading and orientation tests were then repeated on the 2/5
scale THERMO tank using the new frequency band. Table 4-6 shows the
results of these tests and Figure 4-26 shows the loading dependence.

TABLE 4-6
STATIC ORIENTATION TEST, 2/5 SCALE THERMO
ANGULAR POSITIONS TO THE HORIZONTAL

FRACT | ONAL RESONANT COUNT

FILLING  |HOR. [ 22-1/20[450 [67-1/20] VERT. | INVERT.] 1% [2* TJAVG.
0.0 230 | 230 |230 [230 230 | 230 230 | 230 {230
0.1 266 | 267 264 | 257 259 | 262 270 | 265 |26k
0.2 316 | 316 309 | 308 308 | 314 307 | 308 |308
0.4 378 -] 386 388 | 379 374 | 378 380 | 382 |378
0.6 451 | 453 Ly | 453 Lhe | h49 443 | 437 {449
0.7 495 | 498 486 | 487 484 | 8o 497 | 483 | 485
0.9 543 | 542 5Ly | 556 548 | 554 547 | 540 | 548
1.0 - |580 | 580 581 | 582 582 | 582 582 | 582 |582

* Rotated 90° to horizontal position.
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Tests were also conducted for small increment loadings at small angula}.
positions. The results of these tests are shown in Table 4-7. This test
simulates slosh conditions.

TABLE 4-7
INCREMENTAL LOADINGS - SMALL ANGULAR POSITIONS - 2/5 SCALE THERMO
RESONANCE " COUNT
FRACT | ONAL
FILLING 1° 20 30 Lo - 59 AVG.
0.01 237 238 237 239 244 239
0.02 244 244 239 244 237 242

Once the 2/5 scale THERMO tank was matched, a flow test was set up to
determine the feasibility of gaging propellants under dynamic flow
conditions. The implementation of the flow test required the use of

a closed system which consisted of; 1) a reservoir for the simulated
propellant, 2) a lever-action control valve and interconnecting plumbing,
and 3), associated electronics. Figure 4-27 is a block diagram of the test
setup and Figure 4-28 provides a pictorial view of the equipment.

The mechanical hardware used in the flow test allowed for the pressuriza-
tion of the 2/5 scale THERMO tank so that a constant flow rate could be
maintained. The use of a lever-action control valve coupled to a micro-
switch made the synchronization of resonant count to mass content of the
THERMO tank possible. Two kinds of data were needed to complete the
information needed to verify dynamic flow response; 1) the instan-
taneous mass content of the THERMO tank, and 2), the resonant count that
was related to the mass content, "

In order to provide a measure of mass content, a level detector (capaci-
tance probe) was placed in the reservoir. The capacitance probe in con-
junction with a Bendix Universal Capacitance Gaging Servo provided an
analog output (0 to 10 volts) that was directly proportional to the
liquid level in the reservoir.

The number of resonances were determined by the use of an electronic
resonance counter similar to the one described in Phase A report. The_
electronic resonance counter differentiates the video signal from the
crystal detector, detects a zero crossing and shapes the signal to

a pulse that can be counted. The number of pulses resonances per unit
RF sweep period are accumulated in a counter., The operation of the
entire system can be explained as follows. The THERMO tank is
initially pressurized. The control valve is thrown, starting the

flow and RF sweep generator simultaneously. The resonance count informa-
tion is fed to a digital printer that is activated by a print

command which is dependent on a reset pulse from the sweep generator.
The counter has the capacity of counting down the print command to
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reset-event ratio in multiples of 10, This is desirable in that it
allows an averaging capability. By averaging the resonant count over.
10 to 100 periods, spurious events, such as resonance variations, are
eliminated.

By recording the print command event and the capacitance analog signal
on two different channels of a strip chart recorder, synchronized data
on propellant mass and the resonance count can be obtained.

The basic criteria in determining the feasibility of RF gaging under
dynamic conditions is whether or not a linear loading dependence is
retained within the system accuracy. The loading dependence was linear
within + 3.9% as shown in Figure 4~29. The flow time required to per-

form this test was 165 seconds which corresponds to a 0.6% volume change/
second. The basic accuracy of the electronic resonance detector was checked
under static loading conditions and was found to have an error of approxi-
mately + 1% in repeatability. Therefore, the results obtained are very
encouraging in that:

1) the loéding dependence was linear
2) the data could be repeated.

The fact that the electronic resonant count is not the same as that
obtained by the visual hand count method is of no consequence since

the visual method has many inaccuracies, because resonance recognition

is based on individual discretion and also a human error in counting.

But the fact that the electronic resonant count is linear, and repeatable,
is very encouraging because it proves the system is operating correctly.

The flow test was repeated for higher flow rates but it was found that
the accuracy of the system suffered. The inaccuracy at higher flow
rates can be corrected through the use of an improved electronic
resonant counter and swept RF oscillator system, such as using an

A/D convert or technique for resonant counting and a non-linear RF
osicllator. The data obtained is shown in Table 4-8.

TABLE 4-8

FLOW TEST RESULTS, 2/5 SCALE THERMO

RESONANT COUNT

DEVIATION (%), FLOWTIME (SEC) % VOLUME/TIME
+ 3.7% 165 sec 0.60%/sec
* 3.9% 155 sec 0.65%/sec
t 4.5% 137 sec 0.73%/sec
* 4,9% 127 sec 0.80%/sec
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4.5

THERMO Tank Tests (1/3 Scale Model)

Due to the thermodynamic problems associated with cyrogenic liquids,
it was decided to use the 1/3 scale THERMO tank for testing the RF
system loading response to liquid hydrogen.

A reflected energy technique was used on the 1/3 scale THERMO tank
in order to obtain a sufficiently high empty" resonant count and to
assure a matched condition,

The conftguratnon of the bottom of the tank, as in the 2/5 scale

THERMO tank, attenuated the radiated energy and prevented exciting

a sufflcnent]y large number of resonances. Therefore, the spacing between
the cylinder wall and the bottom dome was filled wnth plumbers wool

in order to attain the tank configuration necessary to prevent
attenuation of radiated energy.

An operating frequency range of 2-4 GHz was chosen in order to attain

a high enough sensitivity for operation with LN2 and LHy. An antenna
length of a quarter wave length was chosen (center frequency 3 GHz)

and mounted approximately at the center of the cylindrical wall. The
tank was assembled in this configuration so that a sufficiently large
number of resonances were excited in order to attain a matched condi-
tion. Preliminary tests were conducted on the 1/3 scale THERMO tank using
Benzene. 'The static loading tests was conducted with an operating
frequency range of 2-4 GHz. The loading response is shown in Figure

4L-30. Loadings above 70% were neglected since the number of resonances

"excited were.too concentrated to be detected satisfactorily. As’

stated previously, this frequency range was selected for operation
with LNy and LHj. .

The 1/3 scale THERMO tank was retrofitted for operation with LNy and
LHy. Ref. Paragraph 4.1. Using the same operating.frequency range
and antenna length that were used for the Benzene tests, (the tank
was left intact) a static loading test was performed using LNy. The
results of the test are shown in Figure 4-31. In the performance of
the LNy tests, considerable difficulty was encountered in keeping
the LNy from boiling. Since the resonant count was being obtained
through the use of a strip chart recorder, care had to be excercised
to assure that the LNg was not boiling. A second difficulty encountered
was the establishment of a correct correlation between the resonant
count and the mass content of the tank., This problem arose due to
the tendency .of the cyrostat to gain weight due to formation of ice
on its walls.

The solution of these problems seemed both formidable and prohibitively
expensive if.the tank were to be used for LHy testing. It was decided
that a simulated spacecraft tank constructed from a cryogenic dewar
would be used for the LH, testing.
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L6 Simultated Spacecraft Tank Tests

in order to achieve a sufficently high sensitivity for the static
logading tests with LNy and LHp, a frequency range from 2.8-4 GHz

was selected due to the small size of the simulated spacecraft tank.
The simulated spacecraft tank was excited using the reflective energy
technique with a quarter wavelength antenna (center frequency 3.4 GHz).
The position of the antenna is shown in Figure 4.4,

Verification of the correct selection of operating frequency range
was made by determining that the empty resonant count was 90% of the
predicted count. A static loading and orientation test was performed
with Benzene., Figure 4-32 shows the orientation of the tank. Figure
4=33 and Table 4-9 show the loading dependence.-

TABLE 4-9
STATIC ORIENTATION TEST, SIMULATED SPACECRAFT TANK
FRACTiONAL RESONANT COUNT
FILLING i 2 3 4 5
0.0 315 315 315 315 315
0.1 342 350 3k | 350 350
0.2 383 384 384 376 366
0.4 443 41 140 421 423
0.6 | 507 495 488 ses | 4l
0.8 | 539 536 540 556 | 545

The use of the electronic resonance detector was proposed in the per-
formance of the LH; tests. Normal use of the resonance detector requires
that the RF sweep oscillator be operated at a 10 millisecond sweep rate.
The fast sweep rate makes the RF system independent of liquid sloshing.
in the operation of the empty tank at this sweep rate, it was found that
a number of resonances would ring. An decrease in the sweep rate would
stop the ringing. The ringing was noticed on all tanks when filled with
low loss liquids such as LNg, LHj.
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Figure 4-34 shows a typical resonance compared to a resonance that rings.

TYPICAL RESONANCE RINGING  RESONANCE

RESONANCE RINGING
FIGURE 434

The tank ringing was attributed to the high tank ''Q' and the inability

of the tank to dissipate the stored energy quickly. Since the reson-

ance detector detects the peak of RF energy, the ringing would be counted

as resonance. A high loss, paper base, hard phenolic rod was inserted in the
spacecraft tank in order to increase the system dissipation. A static
loading test was performed using LNy. The rod stopped the ringing but

at the sacrifice of lowering the system ''Q''. The initial nonlinearity

"in the loading response was due to the insertion of the high loss

material in the tank. :

It was decided to increase the sweep time in order to eliminate the ring~
ing and record the number of resonances by use of a strip chart recorder
for the LHy test. The LH, test was attempted using the high loss rod but
the loading dependence was so nonlinear that the rod had to be removed.

A static loading test using LH, was performed on the spacecraft tank.
The test was repeated three times to insure consistency of data.
Table 4-10 and Figure 4-35 show the results of this test. It can be
concluded that the basic RF system is operable with LHZ'
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TABLE 4-10
LH2 STATIC LOADING TEST
WélGHT (In Lbs.) - RESONANT COUNT
| ] 2 3
62.0 (73%) 32 | 358 359
61.6 348 351 350
61.4 3 342 340
61.1 333 331 332
60.8 324 323 320
60.5 318 319 " 317
60.2 312 314 312
59.9 303 305 303
59.6 296 294 295
59.3 289 289 287
5.0 281 281 280
58.8 (Err_upty) 279 277 278
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5.1

SECTION V

COMPARISON OF EXPERIMENTAL RESULTS TO THEORETICAL PREDICTIONS

Introduction

The use of the computer program or the mathematical approximation formula to
predict the loading dependence of tanks based on System ''Q'', operating fre-
quency and dielectric constant can be checked by comparing their results to
those obtained from actual experiments. A relative comparison of the results
obtained from each prediction technique was previously given in Section 1!
for a cylindrical tank. Some differences existed between the loading depen-
dence predicted by each technique which make it necessary to compare the
predictions to experimental data for a number of different tanks and dielec-
trics to choose most useful technique.

The comparison of the computer program results to experiment is made by the
use of equivalent volume tank models of the spacecraft tanks. Equivalent
cylindrical tanks were made of the 2/5 scale THERMO tank and the 1/3 scale
THERMO tank. Measurement of the external ''Q" for the 1/20 scale S-1VB and
the 1/3 scale THERMO tank resulted in an average external ''Q" of approxima-
tely 2500 and 4500 respectively. The average external ''Q'' for the 2/5 scale
THERMO and the SST tank were measured as 2100 and 5100. A cigar~shaped tank
used in Phase | had a measured 'Q" of L4000, and experimental data is includ-
ed here for evaluation of the two loading dependence technique. The external
Q" and the dielectric 'Q" are sufficient to specify a system ''Q''.

1 1 1
= +
QDielectric QExternal

QSystem

The theory states that if the system ''Q" is known, and a solution to the
modes of a cavity can be obtained, entry of this data into the statistical
computer program is sufficient to determine the loading dependence and
operating frequency band. Also, the system ''Q'' may be entered into the
mathematical :formula for the loading dependence and the results compared to
experiment. This formula does not require the use of equivalent volume
cylindrical tanks, and is applied directly to the experimental tanks.

Computations were made of the loading dependence predictions for the compu-
ter program for some of the tanks for which experimental data was available
for the comparison of theory and experiment. A more complete set of load-
ing dependences was made with the mathematical formula because of the ease
of making the computations. A sufficient number of each are given, though,
to allow an evaluation of the ability of each to predict experimental
loading dependencies.
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5.2

5.2.1

Computer Calculated Loading Dependencies- Comparisons -
1/3 Scale THEBMO Tank Comparisons .

The 1/3 scale THERMO tank was represented by.a cylindrical tank of equal
volume for theoretical analysis and a computer program was run to deter-
mine the loading dependence of the tank.: The tank was analyzed for -the
following system parameters:

A. Frequency Range: 1 - b GHz
B. Dielectric: LH, 1.23, LNZ‘I,h6, Benzene 2.28
C. System ''Q'': », 10,000, 6666, 5000, 2500

The system ''Q'' is calculated as approximately 4,500 for both LH, and LNZ'
dielectric fillings.  The nearest system 'Q" value that was run“on the
computer program is 5,000, Figure 5-1 shows a comparison of the calculat~
ed and the experimental loading dependence performed with LN The com-
plete computer analysis for LN2 can be found in Appendix D, gectlon 1.

It .can be concluded that the static loading response can be accurately
predicted. A LH, static loading test was not .performed on the 1/3.scale
THERMO tank, :but®was performed on the simulated spacecraft tank. Since
the external ''Q" is the dominant factor in the system ''Q' for low loss
dielectrics,a direct comparison can be made relating the theoretical re-
sponse of the 1/3 scale THERMO tank to the experimental response obtained
on the simulated spacecraft tank. That is, the slope or sensitivity
should remain the same. Figure 5-2 shows the theoretical loading response
for the 1/3 scale THERMO tank assuming a system '"Q" of 5000. Figure 5-3
is the experimental curve obtained when a static LH, loading test was con-
ducted on the simulated spacecraft tank. It can be"seen that the ratio

Nfu‘]Ato Nemgty is constant.
%£¥= 1.46 (1/3 Scale THERMO Tank - Theoretical)

Nf _

Ne - 1.44 (Simulated Spacecraft Tank - Experimental)

If the 1/3 THERMO tank was capable of containing LHZ’ a complete compari-
son could be-made of the predicted results and the experimental results.
The equivalence of slope, however, suffices; therefore, a complete analy-
sis has been'made of the 1/3 scale THERMO tank for static loadings with
Benzene, LN2 .and LH The results of the analysis specified the operating
frequency range, an% the correct loading sensitivity.

5.2.2 2/5 Scale THERMO Tank Comparisons

A computer analysis was made of the 2/5 scale THERMO tank by assuming an

equivalent volumetric cylindrical tank (L/D ratio equal to that of the

5-2
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5.3
5.3.1

THERMO tank), and solving for the resonant modes -of the tank. The dielec-.
tric .used was Benzene, 2.28.

The analysis was performed for the frequency range .1 = 3 GHz. The upper
cutoff frequency was chosen as 2.4 GHz in the experimental section. A
comparison of .the mode distribution curves -can be-made ‘to see if the upper
cutoff frequency is correct. For static loadings with Benzene, the system
YIQ'" can be calculated as:

| 1
R R
Qystem = 5500 * BEop = 20600

Computer runs were made for the following system 'Q'''s: «, 20,000, 10,000,
5,000, 2,000, 1,000. The mode distribution curve, Figure 5-4 for a system
Q! of 2,000 and a fractional filling of 0.9, .shows that the point of zero
slope dzN/df2=0 is at a frequency of approximately 2.4 GHz.

The predrcted static loading response compared to the experimental curve
for partial fillings with Benzene is shown in Figure 5-5. Again, the
theoretical and experimental loading responses are in agreement.

Mathematical Formula-Loading.DependenciesAComperison

-'§-1VB Tank Comparison

The mathematical formula for loading dependence was applied to the calcu-
lation of the response of the 1/20 scale S-1VB model .tanks. The tank was
analyzed for the following system parameters:

A. Frequeney Range: 2 - 4 GHz

B. Dielectfic: Benzene, €_ = 2.28, Q = 6500
C. External "Q'": 2000, 2500, 3000

D. Tank Vo{ume: 29 Liters

The system ''Q'' was measured as varying from 1000 to 2500 as reported in
Section 4.3.  An average ''Q'' value would fall around 1750 for the tank
fully loaded. The "Q' of Benzene is 6500, and the external 'Q" is 2500..
For - the mathematical formula:

vew 1o oo Gl g 8 G .)]

N is calculated at each end of the frequency band (N2 and N ), and the
difference found (N, = N ) giving the number of detectable resonances in
the band.- The maximum number .of ‘resonances N' is given by:

87

. 3 .
=S F (e (32 1))
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] 1] 1
and g, + (e2 -g) a

Q. . TF =—rr e Tt .
dielectric e, + (62 el) o

The dielectric 'Q'' here is assumed to vary.from that for the tank full of
gas (¢ = 0) to the tank full-of liquid (a = 1).

The result of the calculation is shown in Figure 5-6 for empty tank ''Q'''s
of 2000, 2500 and 3000. The calculated response is bowed, while the experi-
mental response is linear. The bow.in the calculated response is due to

the way the average ''Q" is assumed to vary with tank content, and the load-
ing response with lower or higher 'Q" dielectrics must be looked at to see
if the predicted response fits these situations better.

5.3.2 Loading Response Spacecraft Tank

To check the predicted loading response for lower ''"Q' dielectrics or other
tank external ''Q' values, a cigar-shaped model spacecraft tank was analyzed.
Experimental .data was available for this tank from the Phase A studies. The
tank was analyzed for the following parameters.

A. Frequency Range: 2 - L4 gHz
B. Dielectrics: Benzene e = 2.28, Q = 6500
Freon €. = 2.425,Q = 87

Polystyrene €, 1.925,Q = 240

C. External "Q'': 4000
D. Tank Volume: : ‘ 59 Liters

The comparison of the predicted and experimental response for these dielec~
trics is shown in Figures 5-7 to 5-10. The comparison for the loading

shows "a predicted response somewhat higher and more bowed than:the experi-
mental data.: It is thought, that the experimental excitation method used
(transmission type) achieved only fair resonance .detectability, and thus,

the experimental response would be below the .predicted response. -For the

Freon and Polystyrene dielectric loadings, the form of the predicted re-

sponse is similar to the experimental and somewhat higher. Again, this

could be due to poor resonance detection for the transmission excitation method.

5.3.3 Loading Response 1/3 Scale THERMO

A tank of a different shape than the previous two, and having a different
external "Q'', was the 1/3 scale THERMO tank. The tank was analyzed for
the following parameters:

A. Frequency Range: 2 - 4 GHz
B. Dielectric: LH2> €. = 1.23, Q=1 X’107
LNZ‘ e, = 1.428, @ = 2.34 x 10"

Benzene €, = 2.28, Q = 6500

5-9
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c. External ''Q'': 4500
D. Tank Volume: 37.4 Liter

A comparison.was made between the computer prediction and the mathematical
prediction for LH2 as no-experimental data was: available . for LH, in this
tank (Figure 5-11). However, the computer prediction for this %ank was
compared to experimental data for the simulated spacecraft tank (Figure
(5-3). It Is apparent that a difference does exist in the slopes of the
two prediction techniques. Just how much this difference matters for
predicting the SST response with LHZ’ must be seen from the application of.
the mathematical formula to the SST. Of interest here, also, is the fact
that the loading response predicted by the mathematical formula is linear
in contrast to the bowed response shown for Benzene in other tanks or this
tank.

The mathematical prediction for LN, in this tank is almost paraliel, but
bowed in comparison to the experiméntal response (Figure 5-12). The
difference in the number of resonances, is probably due to non-optimum
excitation. :Usually only about 90% of the predicted response is achieved
and this seems to be sufficient to keep the .response approximately con-
stant with dielectric relocation in the tank. Again, the mathematical
formula response is not as high as that of the computer formula, and tends
to parallel the actual data better.

For Benzene loading the 'Q'' external equal to 4500 does not quite parallel
the experimental data, and is bowed (Figure 5-13). The experimental re-
sponse is lower than the predicted response as has been found for the
tanks previously analyzed.

Loading Dependence -Of Simulated Spacecraft Tank

The Dewar used to simulate the spacecraft tanks was.ana]yzed for LH2 and
Benzene loading dependencies. The tank parameters were:

A. Frequency Range: 2.8 - 4,0 GHz

1.23, =1 x 10/
2.28, Q = 6500

B. Dielectric: LH

i

€
2 r
Benzene,er

C. External 'Q'": 2500, 4000, 4500, 5000
D. Tank Volume: 27.8 Liter

Several different external ''Q" values were used to show the difference in
the predicted response with each ''Q'' value.

The predicted response with LH, is shown in Figure 5-14, and is roughly
parallel to the experimental reésponse for external '"Q' values of 4500 and
5000. The use of an external ''Q" of 2500 is too low to agree with the
data. In later experiments, the empty tank count was raised to 315 with
Benzene. Here the Benzene response moved up roughly parallel to itself,
thus, if the LH2 experimental response is moved up to correspond to a

5-15
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5.3.5

5.4

count of 315 empty, a better agreement is found between the magnitude of
the predicted and experimental response. The measured empty tank external
Q' was 5100 which is close to the 4500 and 5000 used for the predicted
response curves.

For Benzene loading, the predicted loading response is parallel, but bowed
for an external Q"' of 4500 and 5000. The predicted response for Q' of
2500 is too low to agree with the experimental loading response {Figure 5-15)

Loading Response 2/5 Scale THERMO Tank

A loading response was calculated for the 2/5 scale THERMO tank loaded with
Benzene. The tank parameters were as follows:

A.  Frequency Range: 1.0 - 2.4 GHz
1.2 - 2.4 GHz
B. Dielectric: Benzene ¢ _ = 2,28, Q = 6500
C. Externa] HQt: 2000, 2500, 5000
D. Tank Volume: 69.5 Liter

A measurement of the external tank 'Q'' of the empty tank gave an average
value of 2100 over the frequency range of interest. The loading response
was calculated with different external Q' values to show the difference
in predicted response. These predicted responses with Benzene are shown
in Figures 5-16 and 5-17. In each case, the predicted response of the
2000 and 2500 'Q" values lie on either side of the experimental response
for a full tank. Thus, it appears that a loading prediction for an
external '"Q'" of 2100 would give a fair agreement with the experimental
results. Also, the predicted response for '"Q'' of 5000 is not parallel to
the experimental data emphasizing the better fit of the lower "Q" value.

Conclusion

While a great number of comparisons of the computer calculation and the
mathematical formula to experimental data have not been presented, there
are a sufficient number available to make preliminary conclusions.,

The loading response of the mathematical formula parallels the experimental
data better than the computer calculation. Some bowing exists in the pre-
dicted loading response of the mathematical formula, which is not present
in the experimental response. This formula, however, is felt to be more
realistic in taking into account the variation in the average system ''Q"
between the empty and full tank case than the computer calculation fits
which were made for constant system ''Q" values. The cases where either
the dielectric Q" or external 'Q'" largely determine the system ''Q'', give
better correspondence between the mathematical formula and the experiment-
al data than the case where both factors must be considered. However, in
the -latter case, where upward bowing occurs, if a straight line were drawn
between the empty tank and full tank predicted response, a good corréspon-
dence would exist between the form of the predicted and experimental load-
ing response.
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In conclusion, it appears that the mathematical .formula for the prediction
of tank loading response can be used in place-of .the .computer -calculation.
In addition,wmuch time and labor can be .saved:in:using.the mathematical

formula in place of the computer .calculation, because of its compact form

and general applicability.
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SECTION Vi

GENERALIZED RF GAGING HANDBOOK

The purpose of the Phase B study program can be summarized as the develop-
ment of system parameters and specifications that specify the use and limita-
tions of a Radio Frequency Gaging System for generalized tank configurations.

The basic theory developed in Phase B permits the solution of the modes that
exist in the following tank geometries:

a) rectangular tank

b) cylindrical tank

c) spherical tank

d) tanks that are volumes of revolutiop

The theory outlines mode solutions for all generalized spacecraft tanks, in-
cluding tanks with re-entrant sections such as the S~|VB and THERMO tanks.
The use of the statistical program allows for the inclusion of the physical
effect of system ''Q", and provides a means of determining optimum frequency
band of operation as well as loading dependence. The simulation of the $-1VB
and THERMO tanks by the use of equivalent cylindrical tanks (volume and L/D
ratio), provides a simple means of solving for the number of resonances with-
in the tanks. ‘

The experimental work coupled with the theoretical work developed in Phase B
permits the formulation of design parameters that specify the use and limita-
tions of the R.F. Gaging System.

A. Tank Configurations

The R.F. Gaging System can be used to gage the following tanks under
zero gravity conditions if the tank can be properly illuminated (depen-
dent upon configuration and use of re-entrant sections) with R.F energy
i.e., 90% of the theoretical maximum empty tank resonance count is ob-
tainable:

a) rectangular tanks

b) cylindrical tanks

c) spherical tanks

d) «cylindrical tank with one hemisphere

e) cylindrical tank with two hemispheres

f) tanks that are volumes of revolution

g) S-1VB tanks

h) THERMO tank

6-1



Tanks that have reentrant sections should be analyzed using the
volumes of revolution theory to insure that none of the RF energy is
dissipated in the reentrant section. In general, if the reentrant
section is concaved outward, the RF energy can be reflected and a
matched condition achieved.

A good design rule is that the reentrant section should be at least

a quarter wavelength of the center frequency of the tank's operating
frequency band across the base of the section. A quarter wavelength
(2)at f. was chosen since it is at this frequency that a larae number
of resonances are statistically orientated. It was found that a lower
frequency is too restrictive. Figure 6-1 illustrates the results
developed over a statistical value of many experiments.

£l

)

A-A A-A
DETAIL OF REENTRANT SECTICN

FIGURE 6-1

Internal metallic perturbations tend to assist the operation of the
mass gage because they split mode degeneracies the computer programer
reveales exist in symmetrical sections. The use of stand pipes, wall
spheres, vents, and temperature probes will not affect the RF system.
Materials that have high losses (low Q's) including tank walls must
be taken into consideration however. The low Q will modify the
loading dependence and can be taken into account through use of the
statistical computer program.

The basic volumes that can be gaged are dependent on the ability to
completely illuminate the tank with RF energy and the frequency range
of the RF oscillators available. The minimum volume that can be gaged
is dependent.on the availability of RF solid state sweep oscillators.
With present state-of-the-art oscillators (1.5 to 3.6 GHz) a volume

as small as 4,000 cubic inches can be gaged with ease. The maximum
volume ‘that can be gaged is dependent of the ability to uniformly
illuminate the entire tank with RF energy. Experience leads Bendix to
believe that tanks having volumes of approximately 25,000 cubic feet
can be gaged using RF techniques.
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Propellant Characteristics

Propellants having low loss tangents are ideally suited to be gaged using

R.F. resonance counting techniques. The cryogenic propellants are in this
class. Propellants having a high loss tangent can be gaged, but at a sacri-
fice of sensitivity once a 25 to 30% loading has been obtained. See Volume 1.
The upper limit of loss tangent is approximately 10 x 10-% therefore, the
following propellants can be gaged satisfactorily:

MATERIAL DIELECTRIC CONSTANT (e) LOSS TANGENT (8)
Liquid Hydrogen 1.23 1 x 10-7
Liquid Nitroéen 1.428 3 x 1073
Liquid Fluorine 1.52 3.5 x 10735%
‘Liquid Oxygen 1.510 9 x 10~*

* Estimated

Again, other propellants can be gaged satisfactorily, using a multiple reson-
ance counting technique if the propellant loss tangent is less than 10 x 104

Loading Dependence

For a given tank and fluids, the R.F. parameters f

. f.u N (empty), N
(full) can be determined as shown in Figures 6-2 and 643. 122 Toh?

Using:

87

V= v } -
N ——j—c—3f3 (1+(er3/2 1) o)

The intersection of this N!' for o=1 with N'=Q/3 is found. The Q used, is
calculated from:

-1 = -1 -1

Q -Qexterﬁal * Qdielectric
o, St (e - e
S

'] si + (eé - e{) o

(]

<
L]

Where: interior Tank Volume
S = Interior Tank Area

& = e"lDepth of Field Penetration Into Interior Wall

= /__2_—
O"IJQ)Y

o = Wall Conductivity In MKS Units
u = Wall Permeability In MKS Units

w = Frequency In Radians
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N' 4

100

Figure 6-2 I1lustration of f.. and f determination
min " max

N A

Q= 2.5K

- | !
] 1
NlA N2

Figure 6-3 Determination of .resonance count -
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s;, ey = Dielectric Constant And Dielectric Loss Factor of Gas

e;, eg = Dielectric Constant And Dielectric Loss Factor of Liquid

or known from measurements on the tank of ‘interest in a filled condition.
This determines the maximum desirable value of the upper frequency f Next
the minimum desirable frequency fl, is calculated by setting N' = 108 with

a = 0. The difference between N; and N] should be at least 500 for the empty
tank for a * 2% system accuracy. If it is not, f, should be increased until
this number is reached.

Next, the loading characteristic for the tank is computed by allowing a to
vary and using:

N
Where:E (x)

[}

N' (1 - exp (- x)+X E, (x))n

-y~ 1nx~- i: v(-l)n
=1

Exponential Integral

[

v = Euler's constant
= 0.5772
x = Q/3N!

Here w is chosen in the center of the frequency band for convenience in

calculating Qexternal' In this way:

Where: = N Calculated at f
N N Calculated at f

may be calculated for the empty and full tank and the detectable resonance
count difference between empty (a = 0), and full (a = 1) loading determined.
This gives a quick calculation of the expected system resonance count sensi-

tivity to propellant in the tanks. For low external tank Q and/or medium
loss liquids such as LOX, the loading dependence will show a decreasing N
with a. This loading response curve of N versus a is convex (Fagure 6~ 43,
with respect to the a axis. This predicted response is to be used as is.

For a tank having a high external Q, and loaded with low loss liquids (LH,,
LN,, LF, ) the plot of N, 2 versus o is concave (Figure 6-4) with respect %o
the a axns ‘

CONCAVE

CONVEX

LOADING RESPONSE Nl’2 CONCAVE AND CONVEX w.r.t. o AXIS
FIGURE 6-4
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'For this latter case, the concave .curve is. replaced by . a. stralght line be-
tween the N1 2 value ‘at empty and full tank condut:ons.

For a great number of .calculations of loadlng dependencies, a computer cal-
culation may be made; using the: prev:ous ‘mathematical formula-for N versus
N' at various Q values expected in practice..:This.may .be plotted as shown
in Figure 6-3 to obtain a universal curve.for ready determination of the
expected loading dependence of -a tank and fuel.
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SECTION VI
CONCLUSIONS

From the theoretical analysis of the tanks studied and the experimental results
of the tests conducted te-verify the theoretical analysis, the following con-
clusions can be made:

1)

2)

3)

k)

5)

6)

The R.F. Gaging System is independent of propellant location within the
tank to a degree sufficient to meet the basic sensitivity and accuracy de-
sign goals of £ 2% of full tank mass content.

The R.F. Gaging System can be applied to a variety of tank and cryogenic
propellant combinations. The tanks may have many different sizes.

Complex tanks such as the S-1VB and THERMO tanks can be simulated by the use
of equivalent volumetric cylindrical tanks having similar '"L/D' ratios for
system optimization. Computer programs have been written that provide a
means of determining an optimum frequency band and the loading dependence
for the generalized tanks. These programs include the effect of the physi~
cal parameters on system 'Q''. An alternate and shorter computational pro-
cedure has been formulated which prov:des equivalent results by use of a
mathematical formula.

The ''no loss'' loading dependence for tanks filled with a dielectric material
is approximated by the mathematical formula:

A M= (- (1460w

The loading dependenceé for tanks with ''loss' is approximated by the mathe-
matical formula:

b) N=N, - N,

=N - Q Q
Where: N N, (1 exp( :,+ ETH X E1(3N!)
N=8T Y 3 (14 (e3/2-1) a
i 3 ¢ i r

Q = Average system quality factor
= Exponential Integral

These approx:matlon become better as the number of resonances excitable
(N ) for a given tank is increased.

The sampling time of the system will meet the desired response time of less
than 0.5 seconds.

The implementation of the Radio Frequency Zero 'G'' Gaging System for space
applications using present state-of-the-art components is feasible.

The basic objective of determining the feasibility of using a R.F. resonance
counting technique to measure the propellant mass aboard an orbiting space
vehicle has been proven. The R.F. Gaging System that was defined during the
study will meet the design specifications.
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SECTION VI

RECOMMENDAT I ONS

During the performance of both Phase.A.and Phase B of the feasibility.study,
the need for the development of some state-of-the-art electronic hardware
became necessary, The use of RF Gaging subsystems for test.purposes during
the feasibility study has emphasized. the effort needed to.produce a complete
RF Gaging System suitable for space.applications. .While.feasibility has been
proven using laborataory equipment, the.implementation of a complete RF Gaging
System has not been accomplished. The.Bendix Corporation recommends that in
order to assure that .a physically realizable RF.Gaging.System can be fabricated,
a complete breadboard prototype system.should.be.constructed. .The necessity
for development of a breadhoard system.can.be. justified on the basis of:

1) the technical hardware problems generated during.the feasibility study, and
2) fabrication and testing of the entire.system.will completely specify the
definition of a flight prototype system.

The proposed breadboard system is shown in. Figure. 8-1. It is recommended

that a system consisting of these subassemblies.should.be fabricated and
tested with a scale model tank in order to reinforce the system specifica-~
tions developed in Volume |, Appendix C. It is proposed that the bread-

board system be implemented in a period of 3 months. This work will be broken-
down into the following three tasks: ' : ' '

1. Fabricate basic system.
2., Test subassemblies.
3. Test basic system.

The effort accomplished in this program.will be.used to prepare a report
describing the characteristics of an RF. Gaging System. .Included in this
report will be a new indication of any problem area which can be ex-
perienced in the implementation of a flight type prototype RF Gaging
System.
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APPENDIX A
INTRODUCT ION

This appendix consists of the theoretical analysis of the resonances for
partially filled cavities. The analysis has been directed toward rectanguiar,
cylindrical, and spherical cavities. The analysis provides the basic equations

of resonance which may be solved to determine the number of resonances in any
frequency band for any parfiat-#iliing.



SECTION 1
THEORETICAL ANALYSIS OF A RECTANGULAR CAVITY

MiCROWAVE THEORY BEHIND 'RECTANGULAR CAVITY ~ . "' 7™

The theory 1s essentlally that of R. F, Harrington's, adapted from wavegulde to
cavity. The important dlfference Is the region where standing waves in the I~
quld are supported by exponential type solutlons In the free space part of the
cavity, For the computer program, all the varlables must be real. Consequently,
there are generally two cases 1o consider, The first Is the simpler case of
standing waves In both the Ilquid and air, and second, the case of standing
waves in the iiquid oniy.

Case |, . Resonances Having Standing Waves In Both The Liquid And Air

Here, usina Harringfon's notation, we assume ¥ solutions for TM to X
resonances az follows:

nx 2
vy * F-* Cos K3 x Sin .BX. Sin P.I'E_
vy = "{3;2 Cos K 5 (a~x) Sin 5%1 Sin P%Z-

The wave equation gives-
2

S+ (5] (] -
G [ (e

) (1a)

i

n|e nle

( ) tib)
And the fleld components of interest are:

- -} pz.
Ey@_ _ﬁ-‘?;- 03 x}Ts'anXC(’ST Sin

= et LA
B = Taey Gt Ka o 51 K . x Sin ZgL Cos

" nmy . Tz
Hy§ = P-EC-’ Cos Kx} Sin -T;x Cos P-é—

=T Cos K ;i Cos NI gyn BIE
Hﬂs C_C{ Cos Kxf Cos 5 Sln P

i DT e K- nmy prz -
Ejp ™ Toe, Cy K g 5 50 Kxi’ (a-x) Cos = S_jn =
e pr _- nw Tz
Ey= Tae, Cy Kp T SO Ky (a=-x) Sin _lb Cos E——c



=E‘£ -— 'm .E.’.r.‘.,'.
Hy2 = Cz Cos sz (a=x) Sin 5 Cos -

_-nm _ L nmy oo pTZ
sz B C2 Cos K > (a-x) Cos 5 Sin = .
Continuity of‘Ey and E_ at x=d gives:

-yl K2

I " = e, Oy 2 (a-d)

Continuity of Hy and H, at x=d gives:

01 Cos K 1d C2 Cos K ” (a-d)

Dividing these last two equations gives:

—le Tén led = €. sz Tan sz (a=d)

or

K, Sin K ,d Cos K (a=d) + & K, Cos K ,d Sin K (a-d) = 0 (le)
x| x| X2 r %2 x| %2

For Resonances TE to the x axis we assume:
p =C Sin K x Cos 231- Cos BIZ
| x| b c

$ =C Sin K (a=x) Cos NTY Cos P72
2 2 X2 - b c

The wave equation gives,
) () G

szz RG] 2
and the field components become:

E.=B"C SinK K6 x Cos 2% sin EIZ
© oyl c | - Xl b c

E '““c sin K . x Sin MY cos PTZ
21 I x| b 3
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! prz
Mot = o ©1 Ky 5 Cos K x Sin Zg& Cos £

il 13 na Pz
H P T ]537'Cl Kxl 3 Cos Kx'x Cog -san!n c

-l - MY Sin EIZ
Eyz s Cz Sin sz {a=x) Cos -EanIn =

- . BTy oos REZ
By =5 Gy STn Ky (@) Sin 55 Cos £

o S P MY oo BT
Hy2 = jwuo cz sz 1;'Ce; sz (a~x) Sin ? Cos =

- = L oy, prz
HZZ quc"cz sz ¢ Cos sz (a-x) Cas -5~ Sin &=

Gontinuity of Ey and E, st x=d gives:

C' SFn'Kx*d » Cz Sin sz (a~d)

Continulty of Hy

-C, K C K

| xt - -
u' Cos K d ‘"F“‘" Cas K (a d)

end Hy at x=d gives:

Dividing these and puytting ¥ = Uy -glves:

'le Cot led'a sz Cot K*z (a=d)
or
KxI Cos led Sin sz ta-d) + Kkz.S|n led Cos sz (a=d) = Q (Zc)

Thus, te get the TM Resonances, we solve equations (la), (Ib) and

({lc); for the TE Resonances we solve equations (2a), (2b) and (2c).



Case 2. Resonances Having Standing Waves In The Liquid Only.

Here, using Harrington's notation, we assume y solutions for TM fto x
resonances as follows:

x sm-"-’éXSinP%E

¢l C' Cos le

C., Cosh K
X

- DTy gip BTZ
wz 2 (a=x) Sin B Sin <

2

The wave equation now gives:

I R )
o (B -

And the field components of interest are:

E ., =-=C K, ™M sink 6 xCosMLsinkIZ

yl  Juwe; 71 xI b x| b c

E. =-2l_C K. PTsinK. xSin ™Y cos B2

zl  jwey | x|l ¢ x1 b c

H. =BT¢c Cos K, x Sin 2™ cos PIZ

yl c | xI b c

H i"ﬂi-C Cos K , x Cos BEL‘Sin pTz

zl b I x| b c
= -l nm : | _ nmry prz

Ey2 Jweo C2 KxZ‘TT Sinh sz (a-x) Cos 5 Sin =
= -l PT o: _ in DTY | prz

Ez2 sto C2 sz = Sinh sz (a-x) Sin 5 Cos <

= PT ¢ - nm prz
Hy2 = 02 Cosh sz (a-x) Sin —BZaCos =

H ==nT C. Cosh Kx

- Ty gy BTZ
22 5 Gy {(a-x) Cos 5 Sin =

2

Continuity of E  and E, at x=d gives:

Y
C, K C, K
I x| _ 2 %2
Sin K d = — Sinh K., (a-d)
° :

€
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Continulty of’Hy and Hz at x=d glves:
C Cos K' d =C_ Cosh K'_ (a~d)
| x1 -2 x2 .

Dividing these gives:

eﬁL-Tan~K,- = —5Z»Tanh K , (a-d)
e, - 1 € X2
or
le%SLp“erd’Cosh;sz.(aédj - € sz Cos gxld Sinh sz (a=d) =0

For resonances TE to the x axis we assume:

X Cos ng-Cos E%i

(]

ﬁl C! Sin Kx!

c

. Om "z
) Sinh K, (a-x) Cos =gk Cos EE"

2 2
The wave equation gives, -

2 2

K| +(.%.’L 24 (%1'.)2 =< (2) (4a)
g (B (B - [

and the field components:become:
E, =B c sinK  xCos ZEXsin B2

vl c | |
E., = ﬂigc Sin K, x Sln'ﬂﬂx-COS'Ezi
zl b I x1 b c
= ar % Sin ATY cos RTZ
Hyl .33;7-01 le bf.Cos le x Sin 5 Cos =

H , = c, K 21:Cost x Cos le-Sin prz
x|l ¢ x b ¢

r 4 J ﬂ]' | |
E_=BYC_sinh K. (a-x) Cos "L sip BTZ
y2 ¢ 2 x2 b~ ¢
E22 b,C2 Sinh K, (a~x) Sin -%X-Co§ =
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=Ll nm —x) Sin MY Cos PTZ
H sz C2 Cosh sz (a-x) Sin 5 Cos =

= ‘ T - m EE
Hyo T %E-sz C, Cosh K, (a-x) Sin 5 Cos =
o

Continuity of Ey and Ez at x=d gives:

C' Sin K ld C2 Sinh K’ 2 (a-d)

Conflnui+y of HY and H, at x=d gives:
-C) K

Co K
————5L:Cos K. .d= .2_‘x2 Cosh K . (a-d)
H x| o x2

Dividing these and putting u, = Mo givesﬁ

;le Cot led = sz Coth sz {a-d)

or

K., Cos K .d Sinh K (a-d) + K . Sin K ,d Cosh K _ (a=~d) = 0 (4c)
x1 x| %2 %2 x| X2

Thus, to get the TM resonances, we solve equations (3a), (3b) and (3c),
and to get the TE resonances, we solve equations (ka), (L4b) and. (4c).

SUMMARY OF EQUATIONS TO SOLVE, AND METHOD OF SOLUTION

For T™M reéonahceS'in Case |, we solve:

“[F (%ffer gl
szz '+' (L) = (%)2 (1b)

K. SinK dCos K. (a=d) + e K _Cos K . dSinK_ (a=d) =0 (lc)
x| x| x2 r x2 x| X2

For TE resonahces in Case |, we solve:

2 nm 2 L 2 w 2

Ka t5) B = 3] 22)
z'mrzj'-“z i

e * 3] &) = (& (20)
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le Cos led Sin sz (a=d) + K§2 Sin led Cos sz (a-d) = 0 (2¢)

For TM Resonances in Case 2 we solve:

R
R )

le Sin'Kx'd Cosh sz (a~d) = e, sz Cos led Slnh'sz (a-d) =0 (3c)

Faor TE Resonances in Case 2 we solve:

RGN RO
e

le Cos led Slnh-sz (a-d) + sz Sin led Cosh sz (a-d) = 0 (4c)

By the assumption of thls type of solution, we have In all cases, taken K , and
real, Also, K'] has the same mean!ng in bath Case | and Case 2, sincé'It

ré gers to sfandingxwaves. However, K _ Irn Case | refers to a sfandtng wave, and

sz In Case 2 refers o a decayling wa g Thus sz_has Two dlfferent meanings,

Consider the set of resonances having constant n and p values. Then, as w is varied

Kg|» by equations (ia), (2a), (3a) and (4a), will have a lower Bound of zero,

and an infinite upper. bound. ' Thus, we may say that there Is a cutoff frequency

Wy given by:-

nw 2 L 2 O] 2
5o+ (Pc_) = e f"E“) (5a)

And this will be the frequency with K. edual to zero.

Now for Case |, K¢z will have a lower’ bound of zero at a cutoff frequency wyp
glven by (from equation (Ib) and (2b)--
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In Case 2, will have an upper bound of zero at a cutoff frequency w, , (from
equation (3b) and (4b)) which agalin is given by equation (5b).

From equation (5a) and (5b) we immediately see;

v <
Wyl W2

because €. > |

Thus, we may consider three different regions, First, we say that if w < w
no solutions exist at all to the equa+ions, and hence no resonances. For
Wy] € ® < wyy, we have the situation in Case 2. The frequency is above the cut-
off frequency In the liquid, but below the cutoff frequency in the air. For

w > w,», we have the situation in Case |, where standing waves exist in both the
liquré and the air.

xi?

Suppose we wish to find the number of resonances beiween two frequencles f, and f
(fy < f2). We first chose n and p (not both zero, or the boundary conditions
cannot be satisfied). From equations (5a) and (5b), we calculate wy| and wyp.
We call the frequencies corresponding to these f, and f3 respectively. Hence,
f4 <<f3. Thus, for this (n, p) pair we have two frequency ranges. The first

is the frequency range in which we want the resonances f| to fp. The second

is the frequency range f4 fo f3z. Below f,, there are no resonances. Between

f4 and fz, there may be resonances which must be solved by equations (3a), (3b),
(3c), (4a), (4b) and (4c). Above fz, there may be resonances which must be
solved by equations (la), (Ib), (lc), (2a), (2b), and (2¢c). Thus, the initial
part of the problem will come in deciding the relationship between the f|, f2
range and the f4, fz range. When this has been done, and the equaflons to be
solved for the given partial frequency range decided upon, then w is taken to
be the independent variable. A value of w at one end of the frequency range is
chosen, and the corresponding and are calculated from the appropriate
equation. These values are then put into the third equation of the group, and
the value of the function on the lefthand side of the equals sign Is calculated.
An improvement is then added to w, and the function is recalculated. This new
value of the function is then compared to the old value, and if a change of sign
has taken place, then it is known that there is a resonance between the old and
new values of w. Since we do not want to know the accurate resonant frequencies,
but simply whether there is one there, the approximate frequency w is printed
out, and the value of w Is agadin increased to see if there are any more modes.
When w reaches the upper |imit of the frequency range, the next range is chosen
and the process repeated. When all the resonances have been found for a given
(n,p) pair, then a different pair is chosen and the new resonances found.
Eventually, when n and p get too big, all the resonances fall above the required
frequency range, and here the program is terminated.
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SECTION |1
THEORET ICAL. ANALYSIS OF A.CYLINDRICAL CAVITY. (EXACT)
MICROWAVE THEORY BEHIND CYLINDRICAL CAVITY

The idea is exactly that of the rectangular cavity applied to cylindrical coordi-
nates. As in the rectangular cavity, there are two cases. The first case is

for resonances having standing waves in both the liquid and the air, and the
second case i$ for resonances having standing waves in the liquid being support-
ed by exponential type waves in the air side.

Case |. Resonances Having Standing Waves [n Both The Liquid And The Air

Here, using Harrington's notation, we assume ¥ solutions for T™ to
-z modes as follows:

- XnpPl | Sin n ¢ _
w' CI Jn ( - Cos n ¢ Cos Kl (d-2)
- XnpP | | Sin n ¢

¢2 C2 Jn ( - Cos n ¢ Cos KZZ
The wave equation gives:

2 X {2 2
K+ (—-P-n ) = (ﬂ) (l1a)

{ a c
2 RL 2
npl = @

and the field components of inferest are:

£, = 3%—;%‘3 S (X—”g—p- {gg: n :] Sin K, (d-2)
£, = J.Ziop n K (2(—”59- [‘g(‘)i n g]sm K, (d-2)
oy = Epl nd (ﬁ‘ff-) {_g‘,’f‘ r ﬂCos K, (d-2)

Hyy = =€, Xgp ) (X';”p‘ [gc',g n Z} Cos K, (d-2)

~Co  Xp XnnP
= L 2R ¢ [ZRE
Ep?. Jwep a 2 Jn( a.

Sinn ¢ _ -
[Cos n ¢J Sin K,z
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-C ~
_ 2 XnpP Cos n ¢| ..

c
2 Xnp? Cos n ¢
sz s Jn ( 3 ).[-Sin n ¢ Cos Kzz

Sinn¢
[Cos n ¢] Cos Kzz

Continuity of Ey and Ez at x=c gives:

H

|
[}
(@)

| Xop | XnpP
92 2 a “n| a

C G

E; Kl Sin K‘ (d-c) = _ET K2 Sin ch

Putting d-c = b and El =€ gives:
€o

Er CI KI Sin K‘b = -Cz K2 Sin ch

Continuity of Hy and HZ at x = c gives:

C' Cos K'b = 02 Cos ch

Dividing these equations gives:

er KI Tan K‘b + K2 Tan ch =0
or

Kz Sin KzC Cos Klb + Er KI Cos ch Sin Klb =0

For modes TE to the z axis we assume:

.
3 = XnpP} |Sin n ¢| . _
¢| C' Jn ( 2| |cos n ¢ Sin KI (d-2)
. o .
= XnpP) |Sin n ¢| o,
wZ CZ Jn ( a Cos né Sin K2z
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wave equation gives:

U]

a

2 X! 2 2
SER
2 a r i\c
and the field components become:
E . = -Cy . (}Xﬁgp Cos n ¢
pl o ni a ~Sin n ¢
1 ! m
€., =c, top ;o [Xnpf} |Sin n ¢
E¢| C a Ih ( a Cos n ¢
i -C, ’ x’np Ny x’npp
Hp! B jmuo U n a
- € K nJ X%EP Cos
¢! " Juuge 1 "V n |72 -S1n
-C x! py
_ 2 np Cos n ¢
B2 =3 an(a )[~Sinn¢]
X! X}
_ np 1 |Znp Sin.n ¢
E¢2 =C 3 In ( a )
p2 Jou, 2 a2 “n | a ] Cos
C X}oP
-~ 2 I} nE' Sin
H¢2 - quip Ko ndp ( a ) [Cos
Continuity of Ep and E¢ at x = ¢
Cl Sin K'b = C2 Sin ch
Continuity of Hp and H¢ at x = ¢
-C‘ Kl Cos Klb = C2 K2 Cos ch

Dividing these gives:
K‘ Cot Klb + K2 Cot K2C =0

or

Kz Cos ch Sin Klb $ Kl Sin ch Cos Klb =0

A-11
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(2a)

(2b)

Sin K' (d-z)

Sin'Kl (d-2)

Sinn¢
[COS'n ;] Cos KI (d=2z)

: :] Cos Kl (d=2z)

gives:

(2¢)

(2¢)



Thus, to get the TM modes, we solve equation (la), (Ib) and (ic),
while for the TE modes we solve equation (2a), (2b) and (2c).

Case 2. Resonances Havingw§#anding Waves In Liquid Only:

Here using Harringfon'é notation, we assume ¥ solutions for TM to
Zz modes as follows:

_ Xnp®} |Sin n ¢
¥ = C! Jn ( 2 ) [Cos n ¢ Cosh K| (d-z)
- XnpPl [Sin n ¢
wz-czan(a ) {Cosn:t Cos Kyz

The wave equation now gives:

2 2 2

-K I + (__En ) = (_Ui} (3a)
a C :
and )
2 X 2 2
n - W
KZ + (—;E-) = € r (-C.) (3b)

and the field components of interest are:

-C o)
E,, = LXnp g/ [XnpPl [STn n 8| oion K, (dez)
pl " Jueg @ ! “n{Ta | [Cos n ¢ !
-C
Byl = 7 Lok o/ XnpPl | Cos n ¢} gipp K, (d=2)
Jue g n a -Sinn ¢
Cy Xnp? | | C _
-l n os n ¢ oy
Hp' 5 n Jn ( 3 ) {-Sin n ¢ Cosh K, (d-2)
- Xnp XnpPl |Sin n ¢ -
H¢I C‘ ( = ) Jn 3 ) [Cos n # Cosh K, (d-2)
-C2 Xp s [XnpP| fsin n ¢
Ep2 = Jwe | —EE'Kz In |2 Cos n ¢| STn Kpz
-C2 thp Cos n ¢
E¢2 = jwelp n K2 Jn ( > ) [—Sin né Sin KzZ
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cC X nnP
_ 2 n Cos n ¢ :
sz iy n Jn (—52-&) [—Sin n ¢] Cos Kzz

X XnpP '
= - np , {%np Sinn ¢
H¢2 C, 3 In ( S ) [Cos n 6 Cos K,z

Continulty of Ep and E¢ at x = ¢ glves:

C, : Cy :

- Kl Sinh Kb = = Kz Sin ch

<) |

Continuity of H and H¢ at x = ¢ gives:
4]

C' Cosh K‘b = 02 Sinh ch

Divliding gives:

€. K, Tanh K.b = K, Tan K¢

| | 2 2

or

K, Sin K.c Cosh K.,b =~ sr K, Cos K.c Sinh Kb =10

2 2 | l 2

For modes TE to the x axis we assume:

XhoP
v, =C, J_[=0BL [5”'”4’ Sinh K, (d-2)
| I 'n a LCos n ¢ I
xtop :
np Sinn ¢ .
“’2 CZ Jn ( a [Cos n¢ Sin KZZ
The wave equation gives:
2 2 2
(—K + ZEE’ = 9)
- a = le
2 X 2 2
[ f o
2 {1 a r|c

the field components become:

A-13
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-C /0 ,
£ =Ly (Xnpf) | Cos ndl oinh k' (dez)
Pl P n a -Sinn¢ |

V4 / .
E. =C X_”P_Jn (M {5“‘ n 4’] Sinh K (d-2)

1 Tl a a J:os ng

- Xfp | +.[XnpP
oy = K In Cos n ¢ !

- Sin n ¢ Cosh K, (d-2z)
Pl quo 1 a a

C XnpPl [si
= np inné¢ -
H¢l jwuop Kl ndg ( 3 ) [Cos n ¢] Cosh Kl (d-2)

s
: _ XnpP
e s, [l

By2 = Co ==

/
sz B J'wu' 2 T3 n

-C { p .
H¢2 = 2 K2 n JI‘ (ED-E—‘) [S'n n ¢] Cos Kzz

joulp n a Cos n ¢
Continuity of Ep and E¢ at x = ¢ gives:
CI Sivh Klb = 02 Sin ch
Continuity of Hp and H¢ at x = ¢ gives:

—K' Cl Cosh Klb = K2 02 Cos ch

Dividing these gives:

-KI Coth Klb = K2 Cot K2c

or

K2 Cos ch Sinh Klb + K' Sin ch Cosh Klb = Q (4c)

Thus to get the TM modes we solve equations (1), (2) and (32 and to
get the TE modes we solve equation (1), (2) and (4), with x_replac-.
ing Xnp in equations (1) and (2). P
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Summary Of Equatlions To Solve;

For TM modes in Case I, we solve:

2 ERT: 2 '
(K + (_.QE = (9.) {(la)
| a c
2 X 2 2
(KZ) + _na) - ¢ (2) (1b)
a rilc
Kz Sin ch Cos Klb + ar KI Cos ch Sin Klb = 0 (le)

For TE modes in Case | we solve:

2 X_HE 2 " 2
2 )2 ol 2
(el -
K, Cos Kyc Sin Kb + K, Sin ch Cos Kb = 0 (2¢)

For T™ modes in Case 2, we solve:

- ]

[ -

K, Sin Kyc Cosh Kb = ¢, K, Cos Kyc Sinh K/b = 0 (3c)

2

w
(EJ (3a)
XF\ 2 2

a

i

(3b)

i
[

-
pmr——,
RIS
e

For TE modes in Case 2, we solve:

2 !

] ]
B -

K2 Cos ch Sinh Klb + K, Sin ch Cosh K|b =0 (4c)

2 2
(4a)

]
—
ole

A=15
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As in the rectangular case, K, and K, are, by nature of the type of solution
chosen, real. The difference betweefi this case and the rectangular case is that
here the liquid is assumed to be in medium 2, whereas, in the previous case it
was assumed to be in medium I.

The method of solution of the equation is similar to that of the rectangular
program, in that values of the transcendental function are noted as the frequen-
cy is changed. The main difference is that the frequency increment variation is
more sophisticated, and thuds, the resonant frequency solutions are more accurate.
Also, the approach is slightly different, in that the values of the transcen-
dental function are stored in the computer and then looked at to see if there
are any zeros. In the rectangular program only, the zeros are stored.

A-16
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SECTION 111

THEORETICAL ANALYSIS OF A SPHERICAL CAVITY (EXACT)

MICROWAVE THEORY BEHIND PARTIALLY FILLED SPHERICAL CAVITY

The following is an analysis of the resonant frequencies of a spherical.cavity
partially filled with a dielectric. The cavity to be considered is shown in
Figure A-I with a dielectric T occupylng region | and a dielectric of

€55 Uy In Reglon 2.

For modes TE™ and ™" , we need solutions ¥ +to the scalar Helmholtz (Wave)
equation denoted as Fr ’ Ar of the form:

c, I (k) P ™ (Cos 8) [C°s m ¢
Sinm ¢
in the dielectric and:
ki A " m Cos m ¢
[An Jn (Kr) + 8 N (KrY] P, (Cos 8) [Sin m(J
between the inner dielectric interface and t+he conductor.

The above forms for the % (Ar or Fr) are chosen for the following reasons:

(1) Use Jn (Kr) only, in the center as the fields must be finite at r = 0,

(2) Usem = integer as ¢ (¢) = ¢ (¢ +27) [ required (i.e. ¢y must be
single-valued). :

(3) Use an with n integer as we want fields finite in 8 at 8 = o,r.
(4) Use an (Cos 8) in.each region to facilitate a match of the fields at
the dielectric boundary.
(5) USGEZ?S m ﬂ to give simplest form of eijm¢
inm

The propagation.constant K is defined as:

K = w/pe and K, = w/urerand K, = w/uzep

r
Now for +he(¥§r)modes in Region 2, we can say:

A v Cos m ¢
F=A J (Kr) +8B N (Kr P™ (Cos 8) [
‘r 'n'n 2 n n 2 n Sin m J

- - _ " Cos m ¢
A=A (Kzr) =B N (Kzr) P (Cos 90) [Sin m 4

The boundary conditions of tangential E at r = b are:

Ee = E¢ =0

A-17
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SPHERICAL CAVITY PARTIALLY FILLED WITH DIELECTRIC

FIGURE A-I
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For modes TEr, the following field components exist:

(for TE" modes)

(for TM" modes)

In order to satisfy the boundary condition on Ee, E, at r = b, we need:

¢

A J (Kb)+B N (Kb)=0 (for TET modes)
n n 2 n n 2
Or letting An = Nn (K2b) and Bn = -Jn (bi), we can say:
o1 o m gy |Cos m-¢
[N (K b) J (Kzr) Jn (bi) Nn (Kzr)] Pn (Cos 6) Sin m 6

To meet the same boundary condition for Ar' we need:

A' "\I _
An Jn,(bi) + Bn Nn (bi) =0
letting: AL =N '(bi) B, =‘Jn’(K2b) we have:
- _ 1 ) m Cos m ¢
[N (K b) J (Kzr) Jn‘(KZb) Nn (Kzr)] Pn (Cos 8) [Sin m ¢]

lmsuumem&
Life Support

Now to meet the boundary conditions on the dielectric interface, we must match

tangential E and H components:

For modes TM" and TE", the following field components exist:
) 2
H = l -a_Ar-; =._.l..a_f£
rsing 3¢ 2r 9ro8
2
H = 1 8Ar ; - ! 3 Fo
r 28 Zrsin® 3ra3e
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E
Considering TE" modes for E_. , Or Z = —i-fo match at r = a, the
following characteristic equaflgns gus+¢be safxsfngd.

Y

El.in (Ka)

Ry (Kgb) Ty (Kpa) - Jp (Kgb) Np (Kpa)
n, JM(Ka)y N K D) ﬁn’(Kza) -J, (K;b) N (K )
Where:
K, = NVEIEE and K, = wVEZE;

Wy ]
n' = [ - and nz =/
€, €2

Conéidering ™" modes for E,., E , He, H¢, or Z = —E¢/He, to match the following

¢
characteristic equation applies:

n Ip (Kjal Ry (Kgb) I (Kpa) = g IKpb) Ry (Kpa)
3

C(Ka) N'KbBYI (Ka)- J'(Kb)RN (Ka)
2 n } n 2 n 2 n 2 n 2

Now M =0, I, 2, 3; N=1, 2, 3 are the integer values the M & N may take. There
are 2ntl, n values, as m < n and has a cosine, sine degeneracy for m > o. The
2ntl, m values also give The same resonant frequencies as they do not enter into
the characferisflc equations for K, and K,. Thus, to find the number of w values
for a particular n and an excitation rang€ w, = wp the following computation
could be used:

(1) Let n =1 and define ¢,, u,, €55 Hys 3, b.
(2) Find the number of w between w, and w, which satisfy the TE™ and ™M™
characteristic equations. Then multiply this number by 2nti (the

number of degeneracies).

(3) Raise n by one, and repeat 2. Add the new number of w values to that
of previous n, and call the total N.

(4) Keep repeating 2 and 3 till no w can be found less than w,.

The number N is now the exact number of resonant modes which exist
for this cavity with the given set of parameters.

The»ﬁ and N are the Schelkunoff spherical Bessel functions. They
are defined By:
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sin |x - 7TJ- + Dn (x) Cos {x =

- Cn (x) Cos (x -

i

(- th+2m 1 2m
TR ()

=1 (n+2m+ 1) 2m+1
D T n=2m=T) 1 $2%)

A-21
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APPENDIX B

COMPUTER PROGRAMS
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APPENDIX B

INTRODUCTION
The theoretical ahalysis outliined In Appendix A were used to obtain computer pro-
grams for partially filled cavities. The programs were used to evaluate all the

modes present in the cavities, for a number of 'Q' or quality factors.

The programs in this Appendix are for the configurations analysed in Appendix A.
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SECTION |

PROGRAM FOR PARTIALLY FILLED RECTANGULAR CAVITY

1.0 Definition And Analysis Of Problem

The object of this program is to calculate the number of resonances in a
rectangular metal cavity with sides’a) ‘b”and “c/ which Is partially filled
with a loss-less liquid whose surface is always parallel to the’b’ ‘c’plane,
The number of resonances is calculated between two limits'f/ and’fzﬂ and
degenerate resonances are counted in their multiplicity. ’ ‘

The program counts one resonance for each frequency within the range which
satisfies any of the following four sets of simultaneous equations.

2 (nm2 12 w 12
Ket  F (-EJ el "¢ t;r)

L
c

e
X
N

N

+

3
o3
m—
[
+

2
= (%] ()
c
le Sin Kde Coé:sz (a-d) + € sz Cos led Sin sz (a=d) = 0 °

kK 24 (%}-2 + FEEJZ = ¢ (9—)2

x| c ‘ cl
szz + (%’l)z+ (Pa’l}z =(‘;’_1.)2 : (2)
le Cos led Sin sz (a;d) + sz Sin led Cos-Kxz (a=-d) = 0
G B e
A i
le Sin-led Cosh sz (a=-d) - ¢ sz Cos led Sinh sz (a-d) = 0



oo+ () B e )
o+ (3 B - ()
c

K . Cos K .d Sinh K . (a=d) + K .'Sin K .d Cosh K . (a-d) = 0
x| x| x2 x2 x| X2

In these equations:

d = Height of liquid up the ‘a’side.
w = Radian, Frgquency.
€ = Dielectric constant of Haquid.
cl= Velocity of light.

Kej» Kx2 are real numbers,

‘ny’p’are positive integers, not both zero.

2.0 Method of Solution

Each of the sets of simultaneous equations is solved by feeding in a fre-'
quency and thencalculating the value of the function on the lefthand side
of the equals sign in the third equation of the set. The frequency is In-
creased in increments, and each time the function changes sign, it is known
that a solution has been passed through. The method is repeated for all
values of’n’and’‘p) which gives solufions in the given frequency range.

3.0 Program Capabilitles, Logical Techniques And Options

The program can be run for different sizes of tanks, different llquids, and
different fractional fillings.

4,0 Limitadtions And Accuracy

Accuracy of the program is to 4 places. The main limitation of the program
is at present In the input format. More varlations of parameters could be
allowed for by changing the input format.

5.0 |Input And Output :Parameters

The input data consists of the following:



w '.',-“;:’“"“"““
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The box dimensions, ‘a, ‘b’and ‘c, are read in in inches followed by the frac-
tional filling constant 'a'. Next, the dielectric constant 'e' of the

liquid, and the lower and upper frequency limits (in GHz) are read in.
Finally, the incremental frequency 'AF' is fed in GHz. This input data is
also printed out, under appropriate headings, on the output document. The
output data consists of the-(n, p) pair, then two frequencies, which are
relevant to the types of equations to solve, and then the resonant frequencies

for the given (n, p) pair. The total number of resonances is printed at the
end.



6.0 Flow Chart For Partial Fill Rectangular Programs

Read & Print
\AE, BE, CE,
Alpha, E,
Fl’ F2’ DF

Change Dimensions
to meters. Get
d, a~d. Change
frequencies to
values of w/c.

Start n Loop

ount (n
:Count (n-
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Start |l Loop
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Step Mode
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|
Get K_,, K
Fv, Fte, 2 <|>
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Increase
Step
Length

Store
TE
Mode
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at F3

Get Step Leigth
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“ Start 11 Loop
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Step ™
Length Mode
<
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SECTION 11
PROGRAM FOR PARTIALLY FILLED CYLINDRICAL CAVITY (VARIATIONAL TECHNIQUE)

1.0 Definition and Analysis of Problem

The object of this program is to give all of the modes (TE and TM) that
exist in a cylindrical tank for a frequency band and a percentage dielec~
tric fill. In addition, the 'Q"* or quality factor is calculated for each
mode utilizing the conductivity of the tank material. The 'Q' found is
only the tank 'Q' and doesn't take into consideration the loss tangent
of the dielectric or 'Q' of external circuitry.

1.1 ™ Equation(1)
Equation 1
e J,Pm 2 1 1
FRM = == (—E- [1 + (1 - E:J (EF?'S'n (2Pma) -a)
X, 2 1 1 1/2
+(T [14'(?;“1) (C!.'l'—z‘—)-'n_— sin (ZPTTG.)]

FRM s Resonant frequency of TM mode.

Where: C = Speed of light in cm/sec
P = Number of half-wavelength variations of the mode
along the axis of the tank
L = Tank height in cm
€. = Relative permittivity of the dielectric in
r
the tank
= Filling factor (full = 1.0, 10% full = 0.1)
——— order Bessel zero for TM modes
Equation 2 2 l1/2
172y 7 2, (R
377.(s) ""(10)" {(Xmn)~ + * L
Y o) (2 [ate, -1 +1] 20+ 28
2r r ] L
Where: S = Conductivity of tank wall in mhos/meter
Hop = Relative permeability of tank wall im henries/meter

(1) Frequency and 'Q' equations derived from equations taken from
Harrington's '"Time-Harmanic Electromagnetic Fields'', McGraw-Hill.
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When P = 0O:
Equation 3
X 1/2
=L @y [y - L
FRO = == (R)[1 o (1 sr)]
oM 4 Tank 'Q'
Equation 4

377 Fon) ()2 (10)7
x (FrO) /2 ale = 1) + 1]’/2(1 +-)

QMO

1.2 TE Equations

FRE £ Resonant Frequency of TE mode

QE A 'Q' associated with the TE mode
Equation 5
ot et}
C S==) + (—
FRE = R -+ 7y
21 {1 + (e - 1) o1 - Ao_2Pm0) ézp"“))}
Equation 6
. =v377.[( ) 2, e/ 1 a2 = 2] ()12 4 107
tn (FRE) /2 [(U{-l’f*-) s R 2@y B2 (0 )2 2][1+ot(e -1)]
Where: Xén & Bessel zero associated with the TE mode

2.0 Method of Solution

To place limitations on the 'DO LOOP' in the program, the frequency

equations were solved for 'P UPPER'. A
27FR L Sin (2P )\'
TFRy _ _ - in Ta
2 | (T - % R -0 e 02y )
Sin 2Pma ZPwa '
[1 ( ?; Yo (1 T 2Pma )]
e o /
B
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It 1s necessary to find maximum and minimum value of A and B with respect
to filtling factor, a.

For A:
d[("’-’_‘) a(] + SInZPTTa)]'
€ 2P1a 1 . 2 . .
r = (1-57) + Sin2Pma (2P70) “cos (2P1a)~2Pwal Sin(2P7a) ]
- do r 2Pma 2
(2P7a)
= cos 2Pma + 1
=0
for P=1, o -
? 2
1 1
A= E-(] + ET') MIN
r
for a = 0
A = 1 MAX
For B:
- (.l (. Sin2Pmo
d [1 Q Er) (1 2P7Ta )]
= cos (2Pma) - 1
do
=
for o =1
1
B = = MIN
r
for a = 0
B =1 MAX
Then (P UPPER)Z = PU2

2 2 2
PU2 = (%9 E(ZEFU) - (Xgn) (A min) 1/ (B min)
2 2
LL® (Fu)©e 2 2
- r _ (Xmn L, 1,
PU2 = — 2 ) P (e +1)

Now solve for an so that a means of starting and stopping the
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computation can be devised.

2 2Pna

(an\
A R [4

[]_ (1__)a(1+51n2Pﬂa)]
I'

Smallest case exists @ w = w

L» P =P UPPER, o = 0, B max., and A max.

()2 > /2 CEEL - (yz) (@2
_ ),

A1k

This will determine the starting point when used in an 'IF' statement
form.

IF ((an)2 - A14); READ ANOTHER Xmn (-),

CONTINUE (0), CONTINUE (+);

Largest case exists at F = FU, P = 0, B min., A min.

(xmm) 2 < ( __zlﬁfﬂl_ ) e,
e T
Al2

This will determine the stopping point when put in an *'IF' statement.

IF ((an)2 - A12); CONTINUE (-), CONTINUE (0), STOP (+);

NOTE :

The 'M', 'N', and 'P' found within the equations are integers
associated with the 'm', 'n', and 'p' of the TE mnp and Tanp
subscripts. Therefore, the values of P; and P2 are mode
integers.
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3.0
3.1

3.2

3.3

k.0

5.0

6.0

Program Capabilities, Logical Techniques, and Options

The program can be run for different sizes of tanks, different tank
materials, and different filling materials

'AD' is the partial filling code.

If 'AD' is read in as 1, filling of 10% to 100% in 10% increments will
be run.

If 'AD' is read in as 0, filling of 1% to 10% in 1% increments will
be run.

If 'AD' is read in as 2, filling of 99% to 90% in 1% increments will
be run.

'IF' statements are used to give checks on the suitability of a Bessel
zero and calculated frequency, the direction of the program to a 'TE!'
or 'TM' equation and the direction of the program to a 'TMy,o' or
'Tanp' equation. Also the 'IF' statement is used to select different.
fillings (0 to 10%, 10% to 100%, etc.).

Some of the options lie in the output statements. The output is both
punched and printed. This may be changed to tape output if desired.
The output can be sorted by machine if punched or by computer if taped.
The output may be sqrted according to frequency, 'Q', etc. for better
readability.

The output formats can be changed to get full eight place accuracy
instead of five.place as given. However, punching cards may not be
practical in that case. (Not enough available columns.) The 'stop'
card can be replaced with a 'pause' and 'go to 6' cards if a series of
tanks or conditions would like to be run without making the computer
recompile.

Limitations and Accuracy

Five place accuracy can be assured for all output parameters except for
the case of m = 1. For this case three place accuracy is assured.
(Bessel zeros at m = 1 are not accurate bejond three places.) The upper
frequency limit must not be so high as to’allow an (last card in data

deck) to be less than or equal to 172
C(Fu) 2 (2rr/E0) 2 - ((P1)7R/L) ]

or the program will not stop automatically. An indication of this
happening is the repeating of the last line of printed output. If this
case should appear, use the Bessel zero program supplied and generate
higher ordered Bessel zeros. (Should not be necessary except in a very
extreme case.)

FORTRAN Names and Meanings used in Program

Explained in Paragraphs 1.1, 1.2, and 2,

Input and Output Parameters
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6.1 Input

Al = M (AN integer); E 12.5
A2 = N (AN integer); E 12.5

A3 = X (A number); E 12.5

mn
A = FL  (Hz/sec); . E 12.5
A5 = Fu  (Hz/sec); E 12.5
A6 = L (tn cm); E 12.5
A7 =R (In em); £ 12.5
AE = €, (Dimension- E 12.5
less);
AD = (0, 1, or 2) E 12.5
MX = Mode TE = 1, 12
™ = 2;
S = Conductivity F 8.3

(mhos/m) x 10-7);

6.2 Output (All of the above with same format plus the following:)
FRE = Resonant frequency of TE Mode (Hz) F 12.0

Energy Stored in 1 cycle
= tnt -
QE = Tank 'Q' of TE MOde(Energy dissipated in 1 cycle’ F12.0

FRM = Resonant frequency of TM Mode (Hz) F 12.0
QM = Tank 'Q' of TM Mode (A number) F 12.0
PF = Partial Filling Factor (A number) F 6.3
P = P (AN integer) E12.5
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7.0

DETAILED FLOW D{AGRAMS

A. TM CASE

HEADINGS

INTEGER PU

R, ER, AD,

]
FL, Fu, D,

s
|

FL, FU, D,
R, ER, AD,
S

L

€ =2.997925
E+ 10

cz

]
()

3%
(]

D2

[
(=)

*
[

R*R

Pl =3.1416

REA

WR1

Ptz

PI1#PI

FL2

FL#*FL

Fuz

i

FU*FU

TE

=
]

R/D

PU

PU2 = PU*PU

Alh

A12

PU = PU + 1

Xmn2 =
Xmn*Xmn

>0

0. (=]
[e») —
-
[72] =

Q
o o
| T

F(Xmn2 - A1lh4)

IF(Xmn2 = A12)

N

TO READ




FROM 10

I F(AD-1)
>0 |=D <0
Y=1.-.01*X Y=0.1%X Y=.01%X
v v 5
<o
d -
w
<0 o
}.—
o
<
o
B=2PnY FRO -
: =
| F(FU-FRD) -
Z2=B/2n
¥
B=B-AINT >
(Z)*2n
OMO
|
| AM,AN,P,
Xmn,FRO, WRITE
QMO ,MX, Y
2 AM,AN,P,
Xmn,FRO, |PUNCH
| QMO ,MX,Y
AM,AN,P,
Xmn, FRM, OM, | WRITE -
MX,Y
_/ STOP <
AM,AN,P,
Xmn, FRM,QM,| PUNCH
()
(10) y




B. TE CASE

HEADINGS

INTEGERPU

//%L,FU,D,R,
ER,AD,S

FL,FU,D,R,
ER,AD,S

/

HEADINGS

€=2.9979
25EHO

READ

WRITE

C2=C*C

D2=D*D

R2=R*R

v

Bendix t::nmmuns&
R

PI1=3.1416

PI12=P1%P|

FL2=FL*FL

FU2=FU*FU

W=R/D

PU

PU2=PU*PU

Alk

A12

TO STOP

AM,AN,X__,
MX mh

READ

- Xmn2=Xmn

*Xmn

>0

1F(Xmn2-A12)

P=I

FROM 10

P2=P#P

10
K=2,11

TO READ




TO STOP

X = K-1
IF(AD-1)
= 0 <0
>
Y=1-.01%X Y=0.1%X Y=0.01%X
B=1PnY - l l
>0
IF(B-27) Z=B/ 27
0>
: B=B-AINT
FRE (Z)*21
0>
IF (FU-FRE)
AN,P, X
IF (FRE-FL) FRE,QE, Mn’| WRITE
X,Y

STOP

FROM 10

TO READ
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SECTION 111

PROGRAM FOR PARTIALLY FILLED CYLINDRICAL CAVITY (EXACT)

1.0 Definition And Analysis Of Probiem

The object of the program s to calculafe the number of resonances In a
cylindrical metal cavity of height 'd, and radius ‘a} partially fllled with
liquid‘e‘up to a hetghf ‘et The number of resonances’N’is calculated be-
tween two limits fl and f2, and degenerafe resonances are counted in their
mulT|plicI+y

The program counts one resonance for each frequency within the range which
satisfies any of the following four sets of simultaneous equations:

a él
2 Xnp 12 2
K.” + (_”P.) = e (9’_) ()
2 a ot
K2 Sin ch Cos K b+ ¢ Kl Cos ch Sin Klb =
1
2 2
. (329.) - ]
a cl
Xt A2 2
+ __“.P_) = ¢ (‘.”._) (2)
2 . a C1
K2 Cos ch Sin Klb + KI Sin ch Cos Klb =0
2 Xnn 2 2
VN (_29.) - (%)
] a et
2 Xnn Y2 2
K. + (_EP_) =€ ("’_) (3)
2 a C1
K2 Sin K2c Cosh Klb - e‘K' Cos ch SInh_K,b =0
!
] a el
1
2 Xan 12 2
K, + (—'_‘B) = ¢ (9..) 4
2 a c1
K2 Cos ch Sinh Klb + KI Sin ch Cosh Klb =0
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In these equations:

b = d-c
w = radian frequency
cl= velocity of light

Kl/K2 are real numbers
an Is a zero of'Jn
Xép is a zero of J;

n, p are positive integers, p # 0

2.0 Me+hod Of Solution

3.0

4.0

5.0

Each of the sets of simultaneous equations is solved by feeding in a fre-
quency and then calculating the value of the function on the left~hand side
of the equal sign in the third equation of the set. The frequency is in-
creased in increments, and each time the function changes sign, it is known
that a solution has been performed. The method is repeated for all values
of 'n' and 'p', which give solutions in the given frequency range.

Program Capabilities, Logical Techniques And Options

The program can be run for different sizes of tanks, different liquids and
different fractional fillings.

Limitations And Accuracy

The accuracy of the program is very high, being about 6 or 7 places. At
present, the program automatically does 10% to 90% fillings in increments of
104, This could be changed to other fillings in the 5% fo 95% region, but
close to the full and empty cases, there may be difficulty with the program.
The program also has the disadvantage of finding all the modes below the
upper frequency; and consequently, could be expensive when high frequencies
are used. Apart from these |imitations, the program is quite flexible, al-
though the input data format may have to be changed. '

Input And Qutput Parameters

The input data for the program consists of the following: The first card
has the radius and the height of the cylinder in meters, the dielectric con-
stant of the liquid, and the lower and upper frequency limits. Next, fol-
lows the zeros of the Bessel, an function with n = 0 Yo 9 and p = | to 28,

B-20
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and the same number of zeros of the Bessel x), function. The output consists
of the numbers 'n' and 'p', corresponding Bessel zero, mode ordering number
q, the resonant frequency, the 'Q' value of the resonance, a number to show
whether the mode is 'TE' or 'TM', the partial filling factor of the cavity,
and the total resonance 'count so far.
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6.0 Main Flow Char+ For Partial Fill Cylindrical Program

Read Input

Dimensions, ¢
and Bessel
Zeros.

A
Convert Zergs to

[oef* & [)?

Start Filling
Loop

Print Out

Dimensions ¢,

and Filling

Start n Loop

Start p Loop

B-22




Y~

Consider TE Cas%

Y/ A

Mo Re /

<
<
>
Print
F3 And Fu
Store TE Mode
At Fy
F3 Upper | 22 < Fo Upper
Bound Bound

O

Call in Roots
Subroutine TE
Modes, Case 2

wvo
N
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Ys

Call In Roots
Subroutine, TE
Modes, Case 1.

- PEint
Out
Roots

Consider
™ Case.

F3 Upper
Bound

Fo Upper
Bound

‘{Call In Roots
Subroutine, ™
Modes Case 2.

Vs
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Call In Roots
Subroutine, ™
IModes Case 1.

n:n Max.

=

lncréase
% Filling -




6.1 'Roots' Subroutine Flow Chart For Cylindrical Program

&

Read in A, B,

Lower & Uppe

Freq. Limits

nd Function
Fkt

Choose Initial
Dx and No. of

Steps

No. of Steps

Start K
- Loop

Get
Fkt (XK)
Fkt (X

).
k+1
Fkt ka+2)

Use Approximation
Formula To

Get Fkt (Xk+3?

B-26




/]\c

Ix . - x
‘=§+?x k$2 )

X

k+3""k+2

Increase
- Dx

Start | Loop

\ A

Converge On Roof

And Store

VB
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SECTION 1V
SPHERICAL CAVITY PROGRAM

1.0 DEFINITION AND ANALYSIS OF PROBLEM

The object of this program is to obtain all of the TEp,, and THy,,
modes that exist in a spherical tank for a frequency band, e.g. (2-4GHz).
In addition, the 'Q' or quality factor is calculated for each mode utilizing
the conductivity of the tank material. The 'Q' found is only the tank 'Q'.

1.1 TM Equations (!) -

Equation I:

u
mn

FR EF@VEu

FR = as the resonant frequency of TM mode.
Where:

“'mn = Bessel zero associated with the derivative of Half-order
Bessel function (Spherical Bessel function)

o
]

radius of sphéere
€ = g.e,, permittivity of filling material

U = Uplg, permeability of filling material

Equation 2:
. m(m+1)
o = 377. * mn - u'mn
(FR)us |e
, iRz e
S

4 45 the "Q" associated with 'FR' of 'TM' mode

£°
"

integer quality factor associated with 'm' in u'l (order
of Bessel function)

3
]

€, = relative permittivity of filling material

-n
#

r = Resonant Frequency
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ug = 'uy ' 'uy', permeability of cavity wall
S = conductivity of cavity wall

(1) Equations from Harrington's Time-Harmonic Electromagneti¢ Fields.
McGraw=-Hi1l ' ' '

1.2 'TE' Equations:
Equation 3:

u
mn

FR = ————
27 R/EE

A
FR = Resonant frequency of 'TE' mode

>Where:

u = Bessel zero associated with the half-order Bessel function
mn . .
(Spherical Bessel function)
Equation 4:

377. 1umn}
) 2./e, Ya(FR)y,
S

QE

A
QE = as 'Q' or quality factor associated with 'FR' of a 'TE' mode

2.0 METHOD OF SOLUTION

The frequency equation was solved for the Bessel zero.

Equation 5:

u = (FR)(2) (v) (R)V/() ()

mn

The Bessel zeros are read into the computer as input data, must meet
the following conditions:

Equation 6:
u 2 (FL)(2) (m) (R)/(e) (w) = A12
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Where:

>

FL = lower frequency limit

Equation 7:

u <(FU) (2) (n) (R)/T ) = Al

Where:

. A .

FU = upper frequency limit

In the program the right hand side of Equation 6 is called Al2 and the
right hand side of Equation 7 is called Alk, Whijle u n Is called A3,
Two 'IF' Statements determine when computation should start and stop.
IF (A3-Al4) go to next 'IF' Statement (-), go to next 'IF' Statement (0), stop (+)
IF (A3-A12) read another u__(-), go to next statement (0), go to next statehment (+)

The number of degenerate modes per Bessel zero Is 2 times (M+1), where
IM! is the order of Bessel zero. This number is printed out(D).

The accumulative total is also printed out and is just the running
total of 'D'.

3.0 PROGRAM CAPABILITIES, LOGICAL TECHNIQUES, AND OPTIONS

3.1 The program can be rﬁn for different sizes of tanks, different tank
materials, and different filling materials.

3.2 'IF' statements are used to give checks on the suitability of a Bessel
zero and the direction of the program to 'TE' or 'TM' equations as applicable,.

3.3 Some of the options lie in the output statements. The output is
printed but may be placed on tape if operations are to be performed on the
output. The format may be changed for greater accuracy.

4.0 LIMITATIONS AND ACCURACY

4,1 Five place accuracy is assured for all output.

4.2 The upper frequency limit must not be so high as too allow Ymn (last
card in data deck) to be less than or equal to Alk4,(Fu)(2) (r)Yeu, or the
program will not stop automatically.

5.0 FORTRAN NAMES AND MEANINGS USED IN PROGRAM

Explained in paragraphs 1.1, 1.2, and 2.0
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6.0 |NPUT AND OUTPUT PARAMETERS

6.1 Input

Al = M (an integer) E 12.5
A2 = N (an integer) E 12.5
A3 = Xpn (a number) E 12.5
Al = FL (Hz) E 12.5
A5 = Fy (Hz) E 12.5
A6 = L (cm) E 12,5
A7 = R (cm) E 12.5
AE = ¢, (Dimensionless) E 12.5
AD = N/A E 12.5

MX = Mode TE = 1, TM = 2 I:2
S = Conductivity (mhos/m) x 10°7) F 8.3

6.2 Output

All of the above format except Al and A2 plus the fo]lowing:.

M =M (an integer) I3

N=N (an integer) I3
FR = Resonant Frequency of 'TE' or'TM! F 12.0

mode (Hz)

QE = 'Q' of 'TE' mode (a numerical ratio) F 12.0
QM = 'Q' of 'TM' mode (a numerical ratio) F 12.0

J = Number of degeneracies per Bessel I3

zero (an integer)
JOLD = Accumulative resonance count Ié

(a number)
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7.0 DETAILED FLOW DIAGRAM

HEADNGS AE-1 IF <0 A
>0 l
JOLD=0 - - PF=1.0 | PF=0.0
AL ,A5,A6,
A1,A2,
READ A7,AE,AD,S A3:MX READ ‘_____
AL ,A5,A6, STOP
WRITE |77 AE,AD,S
HEADINGS @
FR
AC=.2997
925E11
D=2.*A1+1
Ab=27%AL
IF <0
MX-2 :
A5=2m*A5
[ =
A12 M QE
l A1,A2,A3, | A1,A2,A3,
Alh D,FR,OM, | WRITE D,FR,0E,
MX,PF,JOLD : fMX,PF,JOLD
| T0
; READ
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1.0

1.

1

SECTION V
STATISTICAL PROGRAM
CYLINDRICAL CAVITY - EXACT Q

Definition and Analysis of Problem

The object of the program is to give all of the TE, o and TM, . modes that
exist in an empty or full cylindrical tank for a frequency band, e.g. (2.-L.
GHz). In addition, the "Q' or quality factor is calculated for each mode
utilizing the conductivity of the tank material. The "' found is only the
tank o',

TM Equations (1)

FRM_é Resonant frequency of TM mode,
OM 4 Tank ''Q!'' associated with the TM mode.
Equation 1

1 i 2 PmR, 2
FOFRM = Rve V(de + ()7 Hz

where: R 4 Radius of tank in cm
A ,
e = ege, farads/cm
A .
I TR henries/cm
X 4 Bessel zero
mn
P £ Number of half-wavelength variations of the mode
in the axial direction of the tank
L g Height of the tank in cm
Note: €. & The dielectric ccnstaﬁt of the filling material
contained in the tank
B F The permeability of the filling material contained

in the tank.

There are two ''Q'' equations for TM mode. One is used when P = 0, and the
other when P # 0.

When P = 0:
Equation 2 n .
M = T Xl
2 --—--——az"(?'_;‘mM 1+ _

(1) Equations from Harrington's ''Time-Harmonic Electromagnetic Fields,"
McGraw-Hill,
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1.2

2.0

where: § = Conductivity of tank wall in mhos/meter

U2 = uolVr, permeability of tank wall in henries per meter

Mhen P # 0:
Equation 3
2 PnR 2 12
VE )P+ B
oM = e *‘T“‘\
‘m (FRm)M (R
2 /02 14 27} |

TE Equations

FRE A Resonant frequency of TE mode
QE 4 Internal Q Associated with the TE mode
Equation 4
o— .”E:
FRE = — \/x' |2, | Prk) H
mn Lo z
21TR/§ ' '
Equation 5
/E{(x' L I mZ}
GE = s- mn L i {y__mn ‘
7 (FRE)M, JIMprr\Z ; |
o /IAEREM JIWPrR 1S |ty (L, ym[x, 2. 2
S i L " mn {L i L /i mn

Method of Solution

The frequency equations were solved for the Bessel zero (Xy,) and P. A

maximum and minimum P were found for any Bessel zero which determined the

limits of the ''‘DO LOOP"; e.g. (DO 8 K = PI1, P2), Pl being P minimum and

P2 being P maximum. The Bessel zero equation was solved for maximum and

minimum Xmn for associated Pl, P2, and frequency range. Since the Bessel

zeros are read in order of magnitude, a method of determining when the

computing should start and end can be determined. ‘

Since FRM and FRE equations are identical except for the value of a Bessel

zero; either equation 4 or 5 can be used.
E Equation 6

1/2

mn

P {(FR)Z(Z'HR/E—J )2] - x2
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Equation 7

1/2
P2 = P (UPPER) = -—-{[(FU) (27RVen) ] - (an) }

where: FU = Upper frequency limit of the frequency‘band.
Equation 8
1/2
P1 = P (LOVER) = = {(FL)Z(ZWR/EL)ZJ - (Xmn)?

where: FL = Lower frequency limit of the frequency band.

Equétion 9
2 1/2
2 9 PnRY
Xmn = \(FR) “(27RVen) ® - | ——
- Equation 10
h Now
1/2
2 2 [(r2)mr]? /
Xmn > ((FL)®(2nRV/En)® - ===
Equation 11
And 1/2

3-0
3.1

3.2

3.3

2
Xmn < {(FU)Z(ZFR@)Z - [ﬁ%l.@_]

or the TE or TM will have a frequency outside the band limits.
mnp mnp

Note: The 'M', “N'', and "P' found within the equations are integers
associated with the m,n, and p of the TEmnp and Tanp subscripts.

Therefore, the values of P! and P2 must be |ntegered The computer is
told to integer each.

Program Capabilitiés, Logical Techniques, and Options

The program can be run for different sizes of tanks, different tank
materials, and different filling materials.

"iFY statements are used to give checks on the suitability of a Bessel zero,
the direction of the program to a TE or TM equation and the direction of the
program to a Tano or Tanp equation.

Some of the options lie in the output statements. The output is both
punched and printed. This may be changed to tape output if desired. The
output can be sorted by machine if punched or by computer if taped. The
output may be sorted according to frequency, ), etc. for better
readability.
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The output formats can be changed to get full eight place accuracy instead
of five place as given, However, punching cards may not be practical in
that case. (Not enough available columns.) The ''stop' card can be
replaced with a '"pause' and "GO TO 6'' cards if a series of tanks or
conditions would like to be run without making the computer recompile.

4.0 Limitations and Accuracy

Five place accuracy can be assured for all output parameters except for
the case m = }. For this case three place accuracy is assured. (Bessel
zeros at m =31 are not accurate beyond three places.) The upper fre-
quency limit must not be so high as to allow X, (last card in data deck)
to be less than or equal to:

{(Fu)2 (2nRVen )2 - [ifl%;ﬁi

or the program will not stop automatically. An indication of this
happening is the repeating of the last line of printed output. |If this
case should appear, use the Bessel zero program supplied and generate
higher ordered Bessel zeros. (Should not be necessary except in a very
extreme case.)

2 | 1/2

5.0 FORTRAN Names and Meanings used in Program
. Found on comment cards in the source listing.
E 6.0 Inpgt and Qutput Parameters
; 6.1 Input: Al =M (An integer); E 12.5

A2 = N (An integer); E 12.5

A3 = Xpn (A number); E 12,5

A = FL  (Hz); E 12.5

A5 = FU  (Hz); E 12.5

A6 = L (cm); E 12.5

A7 = R (em); E 12.5

AE = gy (Dimensian- E 12,5
less);

AD = | NA; ' E 12.5

MX = Mode TE = 1, | 2

TM = 2;

"S - COndu¢£fvity F 8.3

(mhos/m) x 10-7);
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6.2 Output ( All of the above with same format plus the following:)

FRE
QE
FRM
QM
PF
AK

AL

Resonant frequency of TE Mode (Hz);
"Y' of TE Mode (A numerical ratio);
Resonant frequency of TM Mode (Hz);

"Q" of TM Mode (A numerical ratio);

Filling factor for empty or full (A number);

P of TM mode (An integer);

P of TE mode (An Integer)§

8-39

F 12,0
F12.0
F 12.0
F 12,0
F 6.3

E 12,5
E 12,5



7.0 FLOW DIAGRAM

~ HEADINGS

INTEGER
P1, P2

/
Ak ,A5,A6 A7
AE,AD,S

Ak, A5 A6 ,AT
-AE,AD,S

WRITE

e

HEAD FNGS

5 = S*

{(10.%%7)

AC =
2997925
E1

Al =
6.2832%Ak

A5 =
6.2832*A5

[ —

A6 =

A6/3.14157

A8 =

*%9

(A7*AL/AC)

A9 =
EAD

*%2

(A7*A5/AC)

A10 = A6/A7

All =

1/a1d

Al12

Alh =

AC2

Ak2 =

A52 =

B-40

0.0

e
A72 = A7*A7
IF
_>_O
PF = 1.0 PF
/ l
ALAZAS, L reny g
|
A32 = A3%A3
00 A32 - Al12 IF
<0
A32 - Alk IF
>0
P1=Ab*
AE*AL2 Pl
( AC§") 1
1(a337872)%4+1.
PZ=AG*
AE*A52: ‘
(,KEE"J *r—
A32
=
L <0
u IF
[
[t
/

T9 READ



" TO STOP

- Bendix t;rumhm:&

TO READ

I

|

n

t

i 3 |

: Al = L-1 AK = K-1

i |

l |

L

! [ FRM

t

| |

!

| | o

:' . FRE ' JF'——-—'l

bL l

| ‘ _ ' [Torv

! N l for P#0 '

R M

: R B I . - ¢

I ] . l

1

' AT, A2 A3 AKI,L ‘ A1,A2,A3,AK} :

|- |FRE »QE, MX, PRWR| r% FRM,QM,MX,PF WRI TE ——

! ' :

L | = |
. ‘Al1,A2,A3,AK ’

| | FRM,QM,HX,PF PUNCH

| | .

|

| l

3 1
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B. DELTA F PLUS -LIST ‘AND COUNT

1.0 Definition and Ana\ysis«of Pﬁpblemu

There -are two objectives of . this program. : The first .objective is to
give a listung and running resonance count -of the sorted output of the:
cylindrical cavity programs . (The outputs of .these cavity programs have
to be sorted for frequency increases for each filllng factor. For examp]e,
in sorted form, the frequency might.increase in the order from 1 to“4 GHz
for a fullnng factor of :0.1 and the next set of data would havé.the fre-
quency . lncrea51ng from 1 to. b GHz for .a filling factor of 0. Z«} The second
objective is to give the separattoh of the pulses: (modes . from.a theoretical
detection system) for varnous "Q"s of the- filllng material plus external .
circuitry.

1.1 List and Count . !

For any mode that has a "M'" value of zero, it is counted as one mode.
If "M" has a value other than zero, ut is counted as two modes because of .
the nature of the fne]ds, .

1.2 Delta F (Pulse~ReadaﬁT1ity)

The output from a tank, whuch has been energized with a band of fre-
quencies, is run through a. dnode (detected). The result is a sertes of
pulses when viewed:on an. oscilloscope, The: width of these. pulses. is
governed .by the frequency and overall ''Q'! of the system. |f the pulse
widths of any two adjacent modes .are great _.enough, overiapplng witk oceur.
This Delta F Program determines how much overlap or separation of mode
pulses occur for various.''Q's.

Equation la:

Q1 =

LI

Qi *-500

Equation1b:

QZ = - -
1 1
TE T 7000
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Equation 1C:

Equation 1d:

o =

1 + 1
QME = 20000

Where:
QME = 'Q' or quality factor of tank only
Q, Q2, Q3, Q = 'Q' or quality factor of total system
. Equation 2:
| SP = Fa-Fy
SP Q Spacing (Differeace between succeeding frequencies In Hz)
Equation 3:
DFy; = Fy/Q
DFy = F,/Q

oF 4 1/2 maximun width of pulse

Equation 4: DF), = SP - (Fl/g) + (Fp/Q)

DF), 4 Distance in cycles per second between pulses at half-max. points.

. 2.0 METHOD OF SOLUTION

Four different 'Q' equations are used to give maximum flexibility to
the program. Correspondently, there Fy, DFy, DF3, and DF)
Equations used in the program to allow four independen rations to be

\

performed on one mode without having to rewind tape, etc.
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3.0 PROGRAM CAPABILITIES, LOGICAL TECHNIQUES, AND OPTIQNS

3.1 The program can be run on sorted data (sorted according to frequency
for each filling) from Cylindrical Partial Filling, Cylindrical Empty
or Full Programs.

3.2 One 'IF! Statement is used to direct the first set of data read to
special equations because no mode separation can be determined without a
reference.

3.3 The 'Q' equations can be altered for different dielectric loss tangents
plus external 'Q's', Sets of formulas may be removed if less than four
cases wish to be computed. '

4.0 LIMITATIONS AND ACCURACY

Five place accuracy is guaranteed for all parameters. Eight place
accuracy is to be expected for FR, Q, SP, DF,, DF3, and DFy.

NOTE:- Put stop card at end of data card deck' (~0.10000E+01 In columns 1
through 12 inclusive). '

5.0 FORTRAN NAMES AND MEANINGS USED IN PROGRAM

To be found in paragraphs 1.1 and 1.2.

6.0 INPUT AND OUTPUT PARAMETERS

6.1 loput

Al = M (an integer) E 12.5

A2 = N (an integer) E 12.5

A3 = Xun (a number) E 12.5

AKL = P (an integer) E 12.5

FR = Resonant frequency of 'TE' or F 12.0
'"TM' mode (Hz)

QME = Tank 'Q' if 'TE' or 'TM' mode F 12.0
(a ratio)

MX = Mode-TE=1, TM=2 I2

PF = Filling factor (a number) F 6.3
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'6.2 Output (all of the above plus)

M = Accumulative mode count (a number) )

DF11
DF12 5 Fy Hz 12.0
DF13 /Q (Hz) F

DF14

Q)

8§ = System Quality Factor (a ratio) F 12.0

Qk

DF21

DF22 _
DF23 FZ/Q(HZ) F 12,0

DF24

DF31

gigz = [Fy/Q + F1/Q1/2 (Hz2) F12.0
DF3

DF41
DF42 = [sp - DF3]  (Hz) F 12.0

i

s =L[Fy = F] (H2) F 12,0
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7.0 Simplified Flow Diagram

Al

M=M+2

|a1,A2,A3,
AKL,FR,QME,
MX,PF,M

_/

IF
>0

Q1,2,3,4

DF11,2,3,4

WRITE

1 | = 0
HEADINGS s'ro? MM+

K=1 SP

F2 = FR |

- A1,A2,A3,
AKL,FR,QME, |READ DF21,2,3,k4
IMX, PF A
Q1,2,3,4

DF31,2,3,k

DF41,2,3,b

SP,DF21,3,4
DF31,2,3,4
DFL1,2,3,4

Q1,2,3,k
T

F1 = F2

”

DF11,2,3,b=
.DF21,2,3,4

K=K+ 1
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SECTION VI
BESSEL ZERO PROGRAM

1.0 DEFlNlTlON AND ANALYSIS OF PROBLEM

The object of this program is to calculate Xy, (Bessel zeros)
and. X' pn (Bessel zeros of J'p, the derivitive of J;) which cannot be
found in existing tables,

1.1 Xpn Equattons 7y ()

AXHP| = B B%*28 . %AM*AM - 31

mn FPI#*A F8P1#*A3

Where:
A = AM + 2%AN - 0.5

B = b, %AM*AM=1.0

HP1 = =/2

FPI = b

F8P1 = 48 %q3
1.2 X'y, Equations % (TE)

C-(p+3) 7%2+82.%p -9 8303 + 207502 - 3029D + 3537

X! = - -

mn 8c 6.% () 3 15%(4 + ¢)S

Where:

for AM = 0
C= (2%AN +0.5) * &

for AM $ 0 o
C = (AM + 2*(AN - 1) + 0. 5).5_
D = L*AM*AM

(7) Equation from M.1.T. Radiation Laboratory Series, p. 66, Wavegu:de
Handbook 10, s

(3) Equations derived from Jahnke & Emde Table of Functions.
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2.0 METHOD OF SOLUTION

'AM' corresponds to the order of the Bessel function and 'AN' corresponds
to the zero of the Bessel function. Equations in 1.l and 1.2 are a series
representation of the solution of Jay = 0 and J’AM = 0 respectively.,

'DO LOOPS' are used to systematically change the values of 'AM' and ‘'AN',

3.0 PROGRAM CAPABILITIES, LOGICAL TECHNIQUES, AND OPT|ONS

3,1 The program can generate an unlimited amount of Bessel zeros as the
cylindrical cavity program demands. '

3.2 '|F' Statements are used to direct the flow to the correct constants,

'G0 TO' Statements are used to help the '|F' Statements in program direction.
The 'DO LOOPS' generate 'AM's' and 'AN's!',

3.3 The limits of the 'DO LOOPS' can be changed to give a specific "Xp,'

or a particular group of 'X,.'s'. The output is both written and-punched

in the format required for reading into the cylindrical cavity programs.

Of course, it is necessary to sort according to value of Xmp's (X' &

Xpn together if for cylindrical cavity empty or full program and X'mn and Xppn
separate for the partfal filling cylindrical cavity program.)’

Note: an = TM mode zero

X'mn = TE mode zero

4.0 LIMITATIONS AND ACCURACY

Five place accuracy is assured for all cases except AM = 1, and in the
'X’mn' case, then three place accuracy is guaranteed. Unfortunately, a
series could not be found which better approximated the AM = 1 case.

5.0 FORTRAN NAMES AND MEANINGS USED IN PROGRAM

XpnTE = Bessel zero associated with the 'TE' mode or the 'Xp,' of
the derivative of 'Jay', i.e.y (X mn> JAM)-

X;nTM = Bessel zero associated with the 'TM' mode or the 'X,,' of
)J J
AM -

6.0 [INPUT AND OUTPUT PARAMETERS

6.1 There is no input.

B-48



6.2 Output

AM = M (an Integer)

AN = N (an integer)

XmnTE = X'pn (@ number)

Xnn™ = X, (a number)

MX = MODE (TE = 1, TM = 2)

B~49
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E 12,5
E 12.5
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7.0 DETAILED FLOW CHART

HEADINGS | D STOP

HP I XMNTM @

FPI

MX

I
N

T

AM, AN,

F8PI WRIT
XMNT, MX, E

C = (AM + ‘ C = (AM+2
2(AN)+ (AN-1) +
0.5)HPI 0.5)*HP|
AM =M -1
XMNTE €
AN = N HX = 1
A WRITE
B
I

B-50



APPENDIX C

ANALYTICAL DATA



APPENDIX C.
INTRODUCT ION

Section | of this appendix describes the field patterns for various TE and ™
modes in a cylindrical cavity. A study of these patterns indicates that for
a transmitted energy technique of mode.detection, the antennas have to be
placed in a plane 180° apart.

Section |l is a study of the transfer characteristic of adjacent modes. Adja-
cent modes of various amplitudes and frequencies were considered in order to
study the merging of modes. This information was used to obtain the weighing
factor for the statistical computer program.



SECTION |

FIELD PATTERNS FOR VARIOUS MODES
IN A CYLINDRICAL CAVITY















MODE PATTERNS FOR CYLINDRICAL CAVITY
DIAMETER 12" LENGTH 24"
FREQUENCY: 2 - 4 GHz

TRANSVERSE MAGENT IC MODES

TMZ"I4 ™
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SECTION 1}

TRANSFER CHARACTERISTICS OF

ADJACENT MODES
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES-

MODE |  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE !.0 Q 1000 CENTER FREQ !.000

2.0

].0

K,.

/
e \\___

.990

1.000
NORMALIZED FREQUENCY

C-10
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NORMALIZED POWER TRANSFERRED

2.0

.
o

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE |  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 1.0 Q 1000 CENTER FREQ !.00l

0.990

1.000
NORMALIZED FREQUENCY

C-11

1.010



NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ
MODE 2 AMPLITUDE 1.0 Q 1000 CENTER FREQ

1.000
1.003

VA

VT TN

I

0.990 1.000
NORMALIZED FREQUENCY

C-12

1.010



NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000

MODE 2  AMPLITUDE 1,0 Q 1000 CENTER FREQ !.004
0.990

1,000
NORMALIZED FREQUENCY

C-13
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 1,0 Q {000 CENTER FREQ 1.003

2.0

1.0

[\

0.990

LN

1.000
NORMALIZED FREQUENCY

C-14

1.010



" NORMALIZED POWER TRANSFERRED

Instruments 8.
Division ’

TRANSFER.CHARACTERISTlcs OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
. MODE 2 - ,AMPL'TUDE 1.0 Q 750 CENTER FREQ |.000
1.0
—/ \ﬁ—
0.990 1.000

NORMALIZED FREQUENCY
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NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE .0 Q 750 CENTER FREQ !.00!

N

 amsi—— .
S— —

0.990

1.000
NORMALIZED FREQUENCY

C-16
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NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES -

MODE 1
MODE 2

AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
AMPLITUDE 1.0 Q 750 CENTER FREQ 1.002

¥

/1

/| \

— | SN~

0.990

1.000 )
NORMALIZED FREQUENCY

C-17
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 1.0 Q 750 CENTER FREQ 1.003
2.0
1.0
0.990 ‘ 1.000

NORMALIZED FREQUENCY

C-18

1.010



NORMALIZED POWER TRANSFERRED

2.0

.
=)

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1,0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 1.0 Q 750 CENTER FREQ !.004

X

0.990

.000
NORMAL I ZED FREQUENCY

C-19
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 1.0 Q 500 CENTER FREQ |.000
2.0 m
1.0
/ N
0.990 1.000

NORMALIZED FREQUENCY

C-20
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE (.0 qQ 3500 CENTER FREQ .00l
2.0
1.0 \\
’ N
. \..,_ )
0.990 1.000

NORMALIZED FREQUENCY

Cc-21
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NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 1,0 Q 500 CENTER FREQ 1,002

SR = et

1.000
NORMALIZED FREQUENCY

C-22
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NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE {.,0 Q 250 CENTER FREQ {.000

0.990

1,000

NORMALIZED FREQUENCY

c-23

1.010
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
~IMODE |  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 1.0 Q 250 CENTER FREQ 1.00!
2.0
1.0 \
7 \\
0.990 ‘ 1.000 1.010

NORMALIZED FREQUENCY

C-24



NORMALJZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE l.! Q 250 CENTER FREQ |.002

2.0

1.0

J 1IN

v

0.990

NORMALIZED FREQUENCY

C-25
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TRANSFER CHARACTERISTICS OF ADJACENT MODES -
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 1.0 Q 250 CENTER FREQ 1,003
2,0
o
Ll
(-4
[~
i
.
=
=
—
o .
wl
=
o
a. r'
(o]
9%
~N
2
m ‘.0 -
o
) A
\\
™
0.990 : 1.000 1.010

NORMALIZED FREQUENCY
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 1.0 Q 250 CENTER FREQ 1.004

2.0

1.0 ///,\\\

——”/”
I,
0.990 .000

NORMALIZED FREQUENCY

c-27
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'NORMAL }ZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 0.75Q 1000 CENTER FREQ !.000
2.0
1.0
\\
e

0
NORMALIZED FREQUENCY

C-28
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NORMALI1ZED POWER TRANSFERRED

2.0

——
®
o

{4 Instruments&
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TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 0,75Q 1000 CENTER FREQ 1,001

A

EdEN

s

0.990

1,000
NORMALIZED FREQUENCY
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
1MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 0.75Q 1000 CENTER FREQ |.002
2.0
1.0 f\
0.990

1,000
NORMALIZED FREQUENCY

-C-30
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.(00
MODE 2  AMPLITUDE 0,75Q 1000 CENTER FREQ 1,003
2.0
1.0 ‘ﬁ
\
0.990 1.000

NORMALIZED FREQUEN'C'Y‘

c-31
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NORMALIZED POWER TRANSFERRED

‘TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE |  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 0.75Q 1000 CENTER FREQ (,004
2,0
1.0 ﬂ
/ .Y \
0.990 1.000

NORMALIZED FREQUENCY

C-32
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.0
MODE 2  AMPLITUDE 0.50Q 1000 CENTER FREQ {.000
2.0
1.0
0.990 .000

NORMALIZED FREQUENCY

c-33
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NORMALIZED POWER TRANSFERRED

2.0

1.0

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE |  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 0.50Q 1000 CENTER FREQ 3,001

/

0.990

__//
.000

NORMALIZED FREQUENCY

C-34
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 0,5 Q 1000 CENTER FREQ {,002
2.0
1.0
0.990

- 1,000
NORMALIZED FREQUENCY

C-35
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TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 0.5 Q 1000 CENTER FREQ |.0C3

2.0
(=]
ud
[
=
w
[
v
=2
2
-
-4
ut
S
[~
[=]
w
N
%
g 1.0
o
=

/ \N M
.990 1.000 ' 1.010
NORMALI1ZED FREQUENCY

C-36



NORMAL IZED POWER TRANSFERRED

2..0

1.0

Bendix, Instrumants &
w Life Support
Division

TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 0.5 Q 1000 CENTER FREQ 1,004

I

.// i

j*/ e,

«990

1.000
NORMALIZED FREQUENCY

C-37
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NORMALIZED POWER TRANSFERRED

MODE 1
MODE 2

TRANSFER CHARACTERISTICS OF ADJACENT MODES

AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
AMPLITUDE 0.25q 1000 CENTER FREQ }.,000

2.0

—
.
(=]

/

\

e

7

\

0.990

NORMALIZED FREQUENCY

1.000

C-38.
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NORMALIZED POWER TRANSFERRED

w Instruments &
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TRANSFER CHARACTERISTICS OF ADJACENT MODES

MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 . AMPLITUDE 0.25Q 1000 CENTER FREQ |.,00!

2.

\

BARNY

0.990

1.000 .
NORMALIZED FREQUENCY
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NORMALIZED POWER TRANSFERRED

2.0

<
o

TRANSFER CHARACTERISTICS -OF ADJACENT HODES
MODE 1 AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2 AMPLITUDE 0.25Q 1000 CENTER FREQ 1.002
\\
0.990 1.000

NORMALIZED FREQUENCY
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NORMALIZED POWER TRANSFERRED
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2.0

.
(=)

MODE 1
MODE 2

TRANSFER CHARACTERISTICS OF ADJACENT MODES

AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.Qypo
AMPLITUDE 0.25Q 1000 CENTER FREQ |,003

DANAE

0.990

1.000
NORMALIZED FREQUENCY

C-41.
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NORMALIZED POWER TRANSFERRED

TRANSFER CHARACTERISTICS OF ADJACENT MODES
MODE 1  AMPLITUDE 1.0 Q 1000 CENTER FREQ 1.000
MODE 2  AMPLITUDE 0.25Q 1000 CENTER FREQ [,004
2.0
1.0
/ .
0.990 1.000

NORMALIZED FREQUENCY

C-42

1.010
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STATISTICAL PROGRAM ANALYSIS
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APPENDIX D
INTRODUCT ION

This appendix contains the graphical analysis of a statistical computer program
which was run on the 1/3 scale THERMO tank partially filled with LN,. The
graphs show the effect of System "Q" on the loading response and +hg mode dis=-
tribution for various fillings and specific system "Q's". A study of these

graphs provides information for the optimization of operating frequency band as
well as system sensitivity.



NORMAL I ZED RESONANCE COUNT/UNIT BANDWIDTH (100 MHz)

0.8

0-6‘ ]

°Q4
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/ 20K
//:IOK
/ 5K
/ Z - -
//
L~ |
S - 1K
‘/ Va
SYSTEM Q EFFECT ON LOADING
THERMO TANK (1/3 SCALE)
DIELECTRIC: LN, |.43 FREQUENCY: 2-4 GHz
NORMAL IZATION FACTOR: 1123
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9 1.0

FRACTIONAL FILLING - o
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Although patent application Serial No. 708908 (Post & Brown) filed February 28,
1968, relates to an invention disclosed in data furnished to the Government in
this Final Report, it is to be noted that this invention was not made (conceived
or first actually reduced to practice) under this contract or in the performance
of any work done upon an understanding in writing that this contract would be
awarded. Accordingly, the rights acquired by the Government under this contract
shall not include any rights, express or implied, in the aforementioned invention

and this invention shall be deemed to be the exclusive property of the Bendix
Corporation.



